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Abstract 
The Externally Bonded Reinforcement (EBR) technique using Carbon Fibre Reinforced Polymers (CFRP) has 
been commonly used to strengthen reinforced concrete (RC) structures in flexure. The use of prestressed CFRP 
material offers several advantages well-reported in the literature. However, the experience with strengthening 
reinforced concrete using prestressed EBR-CFRP solutions is still limited. Some concerns regarding the 
efficiency of the technique still exist, especially the durability and the long-term behaviour. 
The present PhD thesis aimed to give insights on two main literature gaps of prestressed EBR CFRP systems 
in RC structures, mainly: (i) durability and (ii) long-term performance. Thereby, the underlying main objective 
was to test, analyse and evaluate the durability, short and long-term structural behaviour of RC elements 
strengthened in flexure with pre-stressed CFRP laminates under various specific environmental conditions, load 
conditions and chemical degradation. For that purpose, an experimental program was carried out with thirty RC 
slabs. The effect of the anchorage system, level of prestress, CFRP laminate geometry and concrete surface 
preparation on the short-term flexural response were the main studied parameters. The durability and long-term 
performance were studied by exposing sixteen strengthened RC slabs to a sustained loading and to four distinct 
environmental conditions for approximately 8 months After the exposure period the slabs were monotonically 
tested up to failure by using a four-point bending test configuration. Additionally, large scale pull-out tests were 
carried out to assess the bond behaviour of the mechanical anchorage (MA) plate used on the strengthening of 
the slabs.  
Results show a better short-term flexural performance on slabs with prestressed laminates using the MA system 
and with the sandblasted surface preparation. The environmental conditions and sustained loading, separately 
or combined, led in general to small losses of performance and ductility. The pull-out tests showed that, at room 
temperature (20 ºC), the mechanical anchorage provided adequate compressive stress of the CFRP laminate 
to the concrete substrate, and that it is highly influenced by high temperature (60ºC and 80 ºC). 
Lastly, numerical simulations were developed to better understand the observations in the tests carried out on 
the main experimental campaign with strengthened slabs. Good correlations have been found between the 
experimental results and numerical modelling. Subsequently, these models were used on a parametric study 
that intended to investigate the influence of different parameters affecting the behaviour of the slabs, namely 
the prestress level and the CFRP geometry. 
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Resumo 
A técnica EBR (Externally Bonded Reinforcement) com recurso a compósitos de CFRP (Carbon Fibre Reinforced 
Polymers) tem sido utilizada no reforço à flexão de estruturas de betão armado. O uso de CFRP pré-esforçado 
acumula as vantagens da técnica EBR com as do pré-esforço externo. Contudo, o conhecimento neste tópico 
é ainda limitado, especialmente nas áreas da durabilidade e do comportamento a longo prazo. 
A presente tese de doutoramento pretende contribuir para o aumento do conhecimento da durabilidade e 
comportamento a longo prazo de estruturas de betão armado reforçadas com laminados de CFRP pré-
esforçados segundo a técnica EBR. O principal objetivo consistiu em avaliar o efeito de diferentes condições 
ambientais, de carregamento e químicas no comportamento a curto e longo prazo e na durabilidade de lajes 
de betão armado reforçadas com laminados de CFRP pré-esforçados segundo a técnica EBR. A influência do 
tipo de ancoragem, nível de pré-esforço, geometria do laminado de CFRP e tratamento de superfície do betão 
no comportamento a curto prazo foi estudada através de testes de flexão à rotura. A durabilidade e 
comportamento a longo prazo foram avaliados através da exposição de dezasseis lajes a um carregamento 
gravítico e a quatro condições ambientais distintas durante oito meses. No final destas ações, todas as lajes 
foram ensaiadas até à rotura segundo uma configuração de ensaio de quatro pontos de carga. Adicionalmente, 
realizaram-se ensaios de arranque direto de forma a avaliar o comportamento da ligação da ancoragem 
mecânica (MA) utilizada no reforço das lajes.  
Os resultados obtidos mostram um melhor comportamento a curto prazo nas lajes que foram pré-esforçadas 
com laminados de CFRP, com o sistema de ancoragem MA e cuja superfície do betão foi tratada com jato de 
areia. Em geral, o carregamento gravítico e as condições ambientais conduziram a pequenas perdas na 
eficiência e ductilidade das lajes. Com os ensaios de arranque direto verificou-se que, à temperatura ambiente, 
a ancoragem mecânica permitiu o aproveitamento total da capacidade do laminado de CFRP. Todavia, verificou-
se que o comportamento deste sistema é seriamente influenciado na presença de temperas elevadas. 
Adicionalmente, simulações numéricas foram desenvolvidas para uma melhor compreensão dos resultados 
obtidos na campanha experimental principal. Existe uma boa concordância entre os resultados numéricos e 
os resultados experimentais. Com base nestes modelos numéricos, realizou-se um estudo paramétrico com o 
intuito de investigar a influência de diferentes parâmetros no comportamento das lajes, nomeadamente o nível 
de pré-esforço e a geometria do laminado de CFRP. 
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1.1 Strengthening with prestressed FRP materials 
Nowadays, Fibre Reinforced Polymer (FRP) materials and related strengthening techniques are well-
known and used by the construction industry [1–12]. In the context of retrofitting Reinforced 
Concrete (RC) structures, Carbon FRP materials (CFRP) are mostly used due to their intrinsic 
properties - among the other FRPs, CFRPs present higher strength, stiffness and fatigue life, and 
are less susceptible against aggressive environments and creep rupture [6–9]. From different 
attempts, two main strengthening techniques have been developed [6–9,13–18]: (i) the Externally 
Bonded Reinforcement (EBR), and (ii) the Near-Surface Mounted (NSM). The EBR technique 
consists of gluing the FRP laminate on the tensile face of the RC element to be strengthened; 
whereas in the NSM technique the FRP strip or bar is inserted onto a groove previously cut in the 
concrete cover, and then is bonded to concrete with an appropriate groove filler. Epoxy adhesives 
are typically used as bonding agent in the EBR and the NSM techniques due to superior bond 
performance compared with other materials (e.g. cementitious materials).  
Typically, the EBR technique is used on RC elements to improve the flexural and shear resistance, 
to control the cracking process and to increase the concrete confinement [19]. Despite the 
advantages of this technique, the strengthening performance of the EBR technique depends 
significantly on the resistance of the concrete cover. Normally, the concrete cover is the most 
degraded concrete region on the structure due to its great exposure to environmental conditions, 
such as temperature variations and moisture [19]. Consequently, premature failure of the 
strengthening system may occur before the full use of the ultimate mechanical capacity of the FRP 
material. In fact, the bond behaviour between FRP and concrete is generally a critical issue as it is 
shown by the significant number of studies found in the literature for both EBR [11,13,14,20–27] 
and NSM [11,13–18] techniques. In order to avoid this premature failure, several solutions were 
developed [19]: anchorage systems composed of steel plates  bolted in the ends of the FRP; the 
use of strapping with FRP fabric; and the use of FRP anchor spikes. Alternatively, other techniques  
like the (i) Mechanically Fastened and Externally Bonded Reinforcement (MF-EBR), the (ii) Externally 
Bonded Reinforcement on Grooves (EBROG) technique and the (iii) Externally Bonded 
Reinforcement in Grooves (EBRIG) were developed to avoid premature failure. In the MF-EBR 
technique the FRP material is applied similarly to the EBR technique, but is also fixed against the 
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concrete element with prestressed bolts [19,28–30]. In the EBROG technique, several grooves are 
cut in the tension surface of the RC element instead of the conventional surface preparation 
(sandblasting, grinding, brushing and bush hammering) and the FRP material is applied over the 
grooves [31,32]. Finally, in the EBRIG, the concrete surface is prepared as if it was the EBROG or 
the NSM technique (with longitudinal grooves on the tension surface) and the FRP sheets is applied 
(wet-lay-up application) on top of the tensile surface and inside the concrete grooves as shown in 
Figure 1.1e [31]. The five abovementioned strengthening techniques (EBR, NSM, MF-EBR, 
EBROG and EBRIG) are presented in Figure 1.1. 
   
 
  
  
 
 
Figure 1.1: Strengthening techniques: (a) EBR; (b) NSM; (c) MF-EBR; (d) EBROG; and (e) EBRIG. 
 
When compared with the EBR technique, the techniques NSM, MF-EBR, EBROG and EBRIG present 
several advantages, already reported in the literature  [3,4,12,19,30,31]. The NSM presents greater 
bond surface which induces a better anchorage capacity and the confinement effect of the grooves 
makes this technique less susceptible to premature debonding [3,12,33]. The MF-EBR technique 
combines the advantages of the EBR technique with the fasteners from this technique, which 
improves the bond between components (FRP and concrete) and might avoid premature debonding 
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and increase the specimen’s ductility [19,28–30]. The EBROG and the EBRIG uses the concrete 
groves to allow the interfacial stresses (developed between the FRP and concrete surface) to be 
transferred to the underlying concrete layers [31]. Nonetheless, a lot of research on RC elements 
strengthened with FRP materials using the EBR technique has been done in recent past years, and 
this solution has been used in many real cases with increasing knowledge and confidence due to 
easy application and lower labour skills level [1,11,25,27,34]. Several approaches for the design of 
EBR strengthening have been developed over the last two decades [35–37]. Currently, in the scope 
of the design and execution of the EBR technique, there are several reference documents worldwide 
such as: 
► Italian design recommendations, CNR [6]; 
► American Concrete Institute, ACI440.2R-08 [7]; 
► International Federation for Structural Concrete, FIB Bulletin 14 [38]; 
► Swiss design recommendations, SIA 166 [39]; 
► Concrete Society, Technical Report Nº55 [40]; 
► Japan Society of Civil Engineers, JSCE-CES41 [41]; 
► Canadian design recommendations, ISIS-4 [42]. 
Although the load bearing capacity of an RC member can be improved with an EBR strengthening, 
a very large number of research studies have clearly demonstrated that the ultimate failure at a 
structural level occurs with the debonding of the FRP [11]. Moreover, in most cases, failure is 
observed when the FRP material is in-between of 20-30% of its ultimate tensile strength [43]. In 
some specific cases, the use of prestressed FRP materials for strengthening RC structures is 
convenient or even required. This technique presents several positive aspects since it combines the 
benefits of passive EBR FRP systems with the advantages associated with external prestressing, 
mainly [23]: (i) use of non-corrosive materials; (ii) deflection reduction; (iii) crack widths reduction 
and the onset of cracking is delayed (typically this is not the case of existing structures); (iv) internal 
steel reinforcement strains are relieved; (v) higher fatigue failure resistance; (vi) more efficient use 
of the concrete and FRP; (vii) opposes stresses due to both dead and live loads; (viii) reduction of 
risk of premature debonding failure between the FRP and concrete; (x) ultimate capacity can be 
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further increased; (xi) it can be worked as a substitute of internal prestress that has been lost; and 
(xii) shear capacity is increased by the longitudinal stresses induced by prestressed FRP laminates. 
Laminates [43–55], sheets [54,56–62] and bars [47,56] are the most common prestressed FRP 
shapes, the former being the most prominent. Several systems have been proposed to induce a 
prestress in the FRP and can be divided in three categories [23]: (i) cambered prestressing systems; 
(ii) prestressing against an external support; and, (iii) prestressing against the element to be 
strengthened. These three methods are presented in Figure 1.2. In the first technique, shown in 
Figure 1.2a, the RC element is cambered using hydraulic jacks. Subsequently, the FRP strip is 
fixed against the bottom tensile face. The FRP strip is indirectly prestressed once bonded to the 
concrete surface, when the hydraulic jacks are removed, and the initial camber deflection is 
released. In the two remaining methods, the FRP strip is directly prestressed. Prestressing against 
an external support, shown in Figure 1.2b, requires an independent and external reaction steel 
frame that prestresses the FRP strip before fixing it against the RC element. The external support 
is removed when the FRP strip is fully bonded to the RC element, and the prestress is transferred 
to the concrete. The last method, shown in Figure 1.2c, is the most common method. Specific 
anchors are bonded to the FRP strip ends, while other set of anchors are fixed to the RC element. 
Prestress is applied when the strip anchors are pulled with hydraulic jacks that react against the 
anchors mounted on the RC element. Once the FRP strip is fully bonded to the RC element, 
temporary elements are removed [11,23]. 
In spite of each one having advantages and disadvantages [23], the last method - systems that 
apply the prestressing against the element to be strengthened - has known so far the biggest 
success. Special end-anchorage systems are required at the ends of the prestressed FRP element 
to transfer the high shear stress developed from the reinforcement into the concrete substrate, in 
order to avoid a premature FRP peeling-off failure. Several anchorage devices can be already found 
in the literature, and can be classified into [25,63,64]: (i) U-jacked anchors [56,65–70], 
(ii) mechanically fastened metallic anchors [34,71–75], (iii) FRP anchors [29,76–81] and 
(iv) gradient anchorage [64,82–84]. 
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The U-jacked anchors consist of wrapping the prestressed FRP strip with FRP sheets to form a U, 
as shown in Figure 1.3. Additionally, the use of these FRP straps alone will enhance the shear 
capacity of the section. Prestressing the FRP strip still requires temporary metallic anchors that are 
bonded to the CFRP ends. The FRP U-straps are fixed against the strengthened RC element after 
the prestress application and, once all elements are bonded, the temporary metallic anchors are 
cut off [56,69,70].  
 
Figure 1.3: RC element strengthened with prestressed FRP strip using U-jacked anchors. 
The mechanically fastened metallic anchors, also known as metallic anchors, are typically 
composed by metallic plates that are fastened against the concrete subtract at the ends of the FRP 
strip. The metallic anchors are very efficient, being capable of reaching the FRP’s maximum tensile 
capacity in many studies [49,71–75,86]. An RC element strengthened with prestressed FRP strip 
using metallic anchors is illustrated in Figure 1.4. Additional information regarding the 
mechanically fastened metallic anchors is given in Chapter 2 (Section 2.2.3). 
 
Figure 1.4: RC element strengthened with prestressed FRP strip using mechanically fastened metallic 
anchors. 
The FRP anchors are a non-metallic alternative to the previous type of anchors. This type of 
anchorage system uses FRP spike anchors that are used to fix the prestressed FRP against the 
concrete element. Typically, the FRP spike anchors are composed of wet (precured) and dry fibres. 
After the concrete surface preparation, several holes are drilled to accommodate these FRP spikes. 
Prestressed Strip
A-A'A
A'
U-straps
Prestressed Strip
U-straps
Prestressed Strip
A-A'
Metallic anchors Metallic anchors
Prestressed Bolts
A
A'
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During the strengthening, the wet (precured) fibres of the FRP spike anchors are inserted in the 
previously drilled holes (filled with a mortar/epoxy adhesive) and the dry fibres are spread (fan out) 
over and around the FRP strengthening, as shown in Figure 1.5 [29,76–81]. 
 
Figure 1.5: RC element strengthened with prestressed FRP strip using FRP spike anchors. 
The gradient anchorage was developed at EMPA (Swiss Federal Laboratories for Materials Science 
and Technology) and is unique for laminate strips [87]. The concept of the anchorage consists on 
gradually reducing the prestress force towards the FRP ends. As a result, there is a greater 
development length of the prestressing force (𝐹𝑝 in Figure 1.6) and, consequently, the occurring 
shear stresses are within the limitations of the shear strength of concrete [64,82–84]. The 
application technique is based on the adhesive’s ability to cure faster at higher temperatures 
[87,88]. Additional information regarding the gradient anchorage system is given in Chapter 2 
(Section 2.2.3). 
 
Figure 1.6: RC element strengthened with prestressed FRP strip using a gradient anchorage. 
Up to now, the majority of the studies focus on the development/improvement of the prestressing 
systems as well as the structural behaviour in terms of serviceability and ultimate resistance of the 
strengthened elements. In 2001, El-Hacha et al. [89] developed a state-of-the-art article concerning 
prestressed fibre reinforced polymer laminates for strengthening structures. More recently, in 2015, 
Aslam et al. [90] made a contribution on the same topic with the state-of-the-art article review 
Prestressed FRP
A-A'A
A'
FRP Spike anchor FRP Spike anchor
Prestressed FRP
Wet (precured) fibres
Dry fibres
FRP SPIKE ANCHOR
Prestressed Strip
Fp
x
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entitled: “Strengthening of RC beams using prestressed fibre reinforced polymers”. The later 
document [90] covers the flexural behaviour of strengthened RC beams using prestressed FRPs, 
using the externally bonded reinforcement (EBR), near surface mounted (NSM), and post-tensioned 
techniques (EPT). Moreover, in 2016, the RILEM Technical Committee 234-DCU [11] published a 
state-of-the-art report on the design procedures for the use of composites in strengthening of RC 
structures. This report includes an overview on the state-of-the-art in prestressing systems for the 
structural retrofitting of reinforced concrete structures using fibre reinforced polymers. The doctoral 
thesis of França [34] and Czaderski [87] should also be referred in the present section due to the 
relevant work developed on the prestress of concrete members, externally bonded with 
mechanically fastened and gradient anchorages, respectively. In this context, in the scope of the 
present thesis it was decided not to develop an extensive review, especially on the short-term 
behaviour of RC members strengthened with prestressed CFRP laminates since the previously 
referred documents give the actual state-of-the-art of this topic. However, a short literature review 
on the durability and long-term performance of RC members strengthened with prestressed CFRP 
laminates is presented, since these topics were not included in the above-mentioned publications. 
In fact, the durability and long-term behaviour have been appointed as one of the open issues on 
the study of prestressed FRP systems, to which further research and development is needed [11].  
1.2 Durability 
Other industrial sectors (e.g. automotive, marine and aerospace) have been showing successful 
use of FRPs and epoxy adhesives for mass production of mechanical and structural components. 
However, these results do not find direct translation into civil infrastructures applications, mainly 
because there are critical differences in loading, environmental exposures and the specific types of 
material/processes used in these applications [5,91,92]. Several authors [3,4,93] have defined 
durability of a structural element strengthened with composite materials as its ability to resist 
cracking, abrasion, delamination, chemical degradation, oxidation, and other external agents that, 
for a specific period of time and under certain loading and environmental conditions, damages the 
structural element. There are several factors that influence the durability of such strengthening 
systems, such as: (i) environmental exposure conditions; (ii) type of FRP strengthening system; (iii) 
curing and installation quality; and (iv) maintenance quality [4,93]. It should be highlighted that the 
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research of the durability of structural elements strengthened with composite materials, should 
consider the study of the degradation mechanisms that occur at the individual materials, interfaces 
between them, and possible synergies [3,4]. The degradation mechanism consists of the sequence 
of physical, mechanical, or chemical changes that lead to the alteration of the mechanical 
properties of the material/structure in a harmful way. The degradation mechanisms occur when 
the material/structure is exposed to a degradation factor, such as moisture, temperature, UV 
radiation, marine environments, freeze-thaw cycling, or fire [3,4,94].  
Four different materials compose a RC structure with externally-bonded fibre reinforced polymer 
(EB-FRP): concrete, steel reinforcement, FRP reinforcement, and epoxy adhesive. Significant 
research on the durability of concrete and steel reinforcement has been developed over the last 
decades [95–98]. However, the existing knowledge on this topic regarding FRP reinforcement and 
bonding agents is limited when compared with the concrete and steel materials. The following 
section includes the main findings reported in previous studies about the durability of the CFRP 
reinforcement, on the bonding agent (epoxy adhesive) and FRP-concrete interfaces. 
1.2.1 Carbon FRP reinforcement, epoxy adhesive and FRP/concrete 
interface 
According to the ISIS Manual no. 8 [92], the main factors in terms of durability of FRP are: (i) the 
effect of moisture, (ii) marine environments, (iii) alkalinity, (iv) high and low temperatures, (v) freeze 
and thaw cycles and (vi) ultra-violet radiation. These factors are included in the following literature 
review.  
1.2.1.1 Carbon FRP reinforcement 
Marine and wet environments have been appointed as two of the most severe degradation factors 
for reinforce concrete structures [92]. FRP materials do not exhibit corrosion and are well-suited to 
be used in such environments. However, FRP materials are subjectable to potential harmful effects 
of these environments. The effect of the marine environment on CFRP has been quite studied over 
the last years [3,99,100] and, there is a reduction on the mechanical properties of the CFRP 
material when subjected to the effect of salt solutions (used to simulate the exposure to sea water 
and de-icing salts). Although there is a decrease on CFRP strength after the exposure to salt-water 
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environments, several authors have concluded that the strength reduction is higher when the 
composite is immersed in water without salt [3,99,100]. In fact, it is known that hot and humid 
environments can influence of the FRP performance [101]. FRP materials consists of a large 
number of non-metallic fibres bundled in a resin matrix. The carbon fibres do not absorb moisture 
and, apparently, are not affected by moisture [92]. However, the resin matrix absorbs moisture 
and, consequently, suffers plasticization simultaneously with swelling. The plasticization of the 
matrix is a consequence of interruption of Van Der Waals bonds between the polymetric chains, 
which ultimately leads to the reduction of the glass transition  temperature (𝑇𝑔), matrix stiffness 
and strength  [102,103]. The degradation of the FRP with moisture can be amplified when constant 
stress or elevated temperature are also present [101,103].The stress state installed in the FRP can 
cause microcracking in the resin matrix and, consequently, promote the moisture diffusion [92]. 
As referred before, moisture decreases the resin matrix glass transition temperature which, aligned 
with high temperatures, leads to an even higher decrease in the matrix dominated strength and 
stiffness [103]. The influence of high temperatures on the mechanical properties of FRPs is well 
documented in the literature [103]. The polymer matrices typically used in CFRP composites 
decomposes over the temperature range of about 350 ºC to 600 ºC [104]. According to ISIS [92] 
CFRPs have great resistance to thermal cycles in service temperature, however the different thermal 
expansion between the matrix (coefficient of thermal expansion, CTE, of 6010−6 𝐾−1 [105]) and 
the carbon fibres (CTE of 110−6 𝐾−1 [106]) might cause microcracking in the matrix and, 
consequently, might accelerate other degradation mechanisms. 
According to ISIS [92] the tensile strength of the unidirectional FRP decreases within a range 
of -10 ºC to -40 ºC. Freeze-thaw cycles might increase the microcracking in the FRP and, 
consequently, affect the strength, stiffness, moisture absorption and alkalinity resistance. The 
literature review carried out by Reed and Golda [107] on the effect of cryogenic temperatures on 
unidirectional composites should be mentioned. Their study summarized the experimental results 
gathered over four decades on the cryogenic properties of composite laminate plates with the 
reinforcement fibres of boron, alumina, aramid, S-glass, E-glass and carbon (high modulus and 
medium modulus). Although the majority of the CFRP plates were produced for airspace 
applications, it is noteworthy that in more than 30 studies, there was little variability between tests 
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carried out at room temperature (between 19 ºC and 22 ºC) and at cryogenic temperatures 
(between -195 ºC and -270 ºC). The review concluded that the CFRP plates have the best behaviour 
for temperature below -250 ºC and for fatigue loading at cryogenic temperatures.  
Micelli et al. [108] studied the effect of accelerated aging on five types of GFRP (glass FRP) and 
CFRP rods. These specimens were subjected to (i) alkaline simulated concrete pore solution at 
60 ºC; and to (ii) an environmental exposure that included 200 freeze-thaw cycles (ranging from -
18 ºC to 4 ºC), 600 high temperature cycles (ranging from 16 ºC to 49 ºC), and 480 humidity 
cycles (ranging from 60% to 100% of relative humidity) on three distinct temperatures (16 ºC, 27 ºC 
and 38 ºC). The later environmental condition also included UV radiation and was designed to 
simulate all four seasons of the year. The alkali environment (1.6 g/l of Ca(OH)2; 14.0 g/l of 
KOH;10.0 g/l of NaOH) had a pH that varied between 13.0 and 12.6 during the 42 day-period of 
exposure. The CFRP specimens had a good retention of mechanical properties and, after the 42-
day exposure, the maximum reduction on the tensile strength, modulus of elasticity and ultimate 
strain was equal to 8%, 7.5% and 7.4%, respectively. The synergy between moisture, high 
temperature, freeze-thaw cycles and UV radiation lead to a neglectable reduction on the tensile 
properties (reduction in the tensile strength of 1.2%). 
Cabral-Fonseca [99] studied the durability of three commercial types of CFRP laminate strips with 
a long-term exposure to (i) condensation at 40 ºC, (ii) full-immersion in demineralized water, 
(iii) full-immersion in salt-water (35 g/l of NaCl), (iv) full-immersion in alkaline  solutions, and (v) UV 
radiation with humidity. The CFRP laminate specimens were subjected to environments (i), (ii), (iii) 
and (iv) for a period of 18 months, and to environment (v) for a period of 83 days. The immersion 
in demineralised water, in salt-water and in alkaline water was carried out at 23 ºC, 40 ºC and 
60 ºC. Results show a clear decrease on the mechanical properties of specimens fully-immersed 
in demineralized water, being the lowest values of flexural strength observed on specimens 
submitted to the highest temperature level (reduction of 32-11% depending on the type of CFRP 
laminate). The highest reduction on the flexural strength of the CFRP specimens fully-immersed on 
salt-water was also observed for the temperature of 60 ºC (reduction of 47%, 31% and 1% depending 
on the type of CFRP laminate). The alkaline solution (118 g/l of CaOH2; 4.0 g/l of KOH; 0.9 g/l 
of NaOH) used by Cabral-Fonseca et al. [99] caused the highest variation of mass and greatest 
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reduction on the flexural strength (compared with salt-water and demineralised water). The synergy  
between alkaline solution and high temperature (60 ºC) produced a reduction on the flexural 
strength close to 44%. It is noteworthy to mentioned that in two types of CFRP strips, the attack of 
the alkaline solution led to the extraction of the polymetric matrix to the point that it was impossible 
to perform the flexural tests. In contrast, the 2000-hour exposition to ultraviolet radiation led to a 
degradation on the CFRP surface, but no reduction on the flexural strength. 
The durability of CFRP laminates was recently studied by Silva [3]. The program included 72 
samples, that were submitted to (i) full-immersion in tap water, (ii) full-immersion in salt-water 
(35 g/l of NaCl), (iii) wet-dry cycles on salt-water (35 g/l of NaCl), (iv) thermal cycles and 
(v) freeze-thaw cycles. For each environment, two exposure periods were considered: 240 days and 
480 days for environments (i), (ii), and (iii); 120 days and 240 days for environments (iv) and (v). 
After an exposure of 480 days to immersion in tap water, a reduction of 3% on the CFRP laminate’s 
tensile strength and elastic modulus was observed, with respect to the reference values. The 
highest degradation (reduction on the elastic modulus and tensile strength) was observed after the 
480-day exposure to wet-dry cycles on salt-water. The wet-dry cycles led to a reduction of 7.3% and 
2.0%, respectively, on the tensile strength and elastic modulus, after 480 days. At the end of the 
same period, a reduction of 7.1% and 1.3% in the tensile strength and elastic modulus, respectively, 
was reported for CFRP specimens exposed to full-immersion on salt-water (at 20 ºC). The 
experimental study developed by Silva [3] on the durability of a CFRP strip included freeze-thaw 
cycles (between -18 ºC and 20 ºC, for a period up to 240 days) and two sets of thermal cycles: (i) 
240-day period of thermal cycles that ranged between -15 ºC and 60 ºC; and (ii) 180-day period of 
thermal cycles that ranged between 20 ºC and 80 ºC. Results showed no significant changes on 
the stiffness, tensile strength or ultimate strain of the CFRP strip laminate, after the exposure to 
freeze-thaw cycles or both thermal cycles.  
1.2.1.2 Epoxy adhesive 
Like the FRP matrix, epoxy adhesives are susceptible to moisture absorption, which has deleterious 
effects on its mechanical properties. Lin and Chen [109] performed an experimental study on 
moisture absorption, desorption and reabsorption of an epoxy adhesive. The authors concluded 
that the moisture diffusion in epoxy systems is influenced by the hydrothermal conditions, the 
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specimen’s thickness and hydrothermal history. From the three studied processes, reabsorption is 
fastest, and absorption is the slowest. In this study [109] the mechanical properties of the adhesive 
were also evaluated after the reabsorption process, for which a decrease of 42% in the elastic 
modulus and a reduction of 54% in the tensile strength was observed. 
Silva [3] carried out ageing tests on epoxy adhesive samples. The environmental conditions and 
exposure duration were the same used on the CFRP’s durability investigation, mentioned in the 
previous sub-section. The study included the dynamic mechanical analysis (DMA) and monotonic 
tensile tests up to failure. From all the environmental conditions studied, full-immersion on water 
presented the greatest reduction on the mechanical properties of the epoxy adhesive. After the 
exposure period of 480 days, Silva [3] reported a reduction on the adhesive’s 𝑇𝑔 (about 14%, based 
on onset of the glass transition of the storage modulus), tensile strength (38%) and elastic modulus 
(47%), when compared with the reference specimens (kept in laboratory environment - average 
temperature of 20 ºC and average relative humidity (RH) of 55% - for 480 days). During the same 
period, two different sets of adhesive samples were submitted to wet-dry cycles and full-immersion 
to salt-water (35 g/l of NaCl) at 20 ºC.  A reduction on the adhesive’s 𝑇𝑔 (6%), tensile strength 
(21%) and elastic modulus (22%), was observed on specimens exposed to wet-dry cycles. The full-
immersion to salt-water also produced a reduction on the adhesive’s glass transition temperature 
(21% reduction after 250 days of exposure), on its tensile strength (reduction of 26% and 28% after 
250 days and 480 days of exposure, respectively) and tensile modulus (reduction of 29% and 35% 
after 250 days and 480 days of exposure, respectively). Results also show a reduction of 23% on 
the glass transition temperature of the epoxy adhesive after 240 days of exposure to freeze-thaw, 
mainly because the low temperatures interrupted the curing process. After the freeze-thaw cycling, 
the tensile strength and elastic modulus decreased 22% and 23%, respectively. In contrast, thermal 
cycles (between -15 ºC and 60 ºC; and between 20 ºC and 80 ºC, as above mentioned) improved 
the mechanical characteristics of the adhesive samples. When compared with the un-aged 
specimens, there was an increase on the tensile strength (in between 18% and 50%, depending on 
the type of thermal cycle and exposition time), elastic modulus (between 5% and 25%, depending 
on the type of thermal cycle and exposition time), and ultimate strain (between 8% and 31%, 
depending on the type of thermal cycle and exposition time). The post-curing process occurs when 
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temperatures higher than the ones experienced during the first curing  and, according to Silva [3], 
this process improved the mechanical properties of the epoxy adhesive. 
Savvilotidou et al. [110,111] evaluated the physical and mechanical behaviours of epoxy adhesive 
specimens in dry and wet environments, during an aging period of up to two years. The wet 
environments included full-immersion in demineralized water (at 13 ºC, 30 ºC and 50 ºC) and full-
immersion in alkaline water with the pH ≈ 13 (at 13 ºC, 30 ºC and 50 ºC). The water uptake led to 
a reduction of 23% on the adhesive’s glass transition temperature. The authors reported, for the 
temperatures of 13 ºC, 30 ºC and 50 ºC, a reduction of 20%, 30% and 47%, respectively, on the 
elastic modulus and a reduction of 18%, 24% and 37%, respectively, on the tensile strength. The 
immersion in alkaline water resulted in reductions of mechanical properties similar to those 
obtained after immersion in demineralized water. Using Arrhenius law, the authors predicted a 
retention of about 70% of elastic modulus and strength, after a period of 100 years (bridge service 
life time), at a 10 ºC reference temperature.   
Sousa et al. [112] investigated the durability of an epoxy adhesive, using the following environmental 
conditions: (i) immersion in water at 20 ºC and 40 ºC; (ii) immersion in salt-water (35 g/l of NaCl) 
at 20 ºC and 40 ºC; (iii) continuous condensation environment at 40 ºC and 100% of relative 
humidity; and (iv) outdoor Mediterranean climate, with average RH of 83% (winter) and 58% 
(summer), average monthly temperature ranging from 11 ºC to 24 ºC and ultraviolet radiation. 
Epoxy specimens were kept under environmental conditions (i) and (ii) for 2 years and on 
environmental conditions (iii) and (iv) for 1 year. The experimental study included evaluation of the 
media diffusion (water uptake), the viscoelastic behaviour (dynamic mechanical analysis), the 
flexural behaviour, and the plane shear behaviour. The authors reported the highest reduction on 
the flexural properties of 24% and 30% in the strength and E-modulus, respectively, after the 2-
years-period of immersion in water at 40 ºC. The same environmental conditions led to a reduction 
on the adhesive’s 𝑇𝑔 of about 20% and a decrease on the shear modulus of 43%, after 1 year. A 
reduction of 11% and 6% on the flexural modulus and strength, respectively, was reported on the 
epoxy specimens immersed on salt-water for 2 years. The salt-water also produced changes in the 
polymer structures which led to a 10% decrease on its glass transition temperature. The UV 
radiation, relative humidity and temperature of the outdoor environment (Mediterranean climate) 
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was measured during the one-year aging period. The average monthly UV radiation ranged between 
10428 kJ/m2 and 27690 kJ/m2. Dynamic mechanical analysis presented negligible changes in the 
adhesive’s 𝑇𝑔 (2% reduction). The authors also reported a 13% decrease on the shear modulus and 
a 7% increase on the shear strength. Post cure phenomena was appointed as the most probable 
cause for the shear strength increase. 
Yang et al. [113] studied the durability of an ambient cured epoxy (during 30 days at 23 ºC and 
30% relative humidity) when subjected to full-immersion: (i) in deionized water at 23 ºC, 37.8 ºC, 
and 60 ºC; (ii) in salt water (50 g/l NaCl solution) at 23 ºC and (iii) alkaline immersion at 23 ºC. 
After a 24-month period, the immersion in alkaline water caused the highest degradation in the 
tensile strength (reduction of 43%, 36% and 53% for specimens immersed in deionized water at 
23 ºC, salt solution and alkaline solution, respectively) and in the elastic modulus (reduction of 
36%, 30% and 50% for specimens immersed in deionized water at 23 ºC, salt solution and alkaline 
solution, respectively). It is noteworthy to mentioned that the influence of temperature was included 
in their experimental programme and that after being subjected to immersion in deionized water 
at 60ºC, the retention in tensile strength and elastic modulus at the end of the 2-year period was 
31%. 
The effect of low-temperature curing on the physical properties of a commercial cold-curing epoxy 
adhesive was investigated by Moussa et al. [114]. The curing process of the epoxy adhesive was 
carried out at low (5 ºC, 10 ºC) and high (70 ºC) temperatures and constant relative humidity (50%). 
The authors concluded that low temperatures should be avoided during the application of 
strengthening systems. The conclusion was fundamented on the fact that low temperatures 
increased substantially the time of curing: at high temperatures full curing was attained after a few 
hours (3.73h, 2.42h, 2.05h, and 1.58h for 35 ºC, 45 ºC, 50 ºC, and 60 ºC, respectively); at 10ºC, 
90% of curing required three days; whereas 70% was attained after 1 day at 5 ºC. The authors also 
realised that curing the epoxy adhesive at low temperatures (5 ºC and 10 ºC) would produce a high 
decrease on their glass transition temperature. It should be noted that some adhesive suppliers 
already state in their technical datasheets not to apply these materials at low temperatures (below 
8 ºC) [115,116]. 
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Frigione et al. [117,118] studied the effect of different environmental conditions on the curing 
behaviour and flexural properties of two epoxy adhesives. After being cured for 20 days at room 
temperature, adhesive specimens were aged (i) in a freezer at -20 ºC, (ii) in a climatic chamber at 
18-26 ºC (dry, dark and inert to atmosphere), and (iii) in an outdoor environment (Salerno, Italy). 
The aging lasted two years for the first two environments, and three years for the outdoor 
environment. The mechanical properties of the adhesives exposed to the UV radiation (and 
temperature oscillations) of the outdoor environment, did not differ from their initial values. There 
is still a great deal of uncertainty associated with the current testing methodology, regarding the 
study of the UV radiation effects. Furthermore, in outdoor exposure, it is not always clear if the 
changes in the composite materials can be attributed solely to the ultraviolet radiation or to the 
synergy of UV and other agents (such as moisture and temperature) [119].  
1.2.1.3 FRP/Concrete interface 
Typically epoxy bonded joints used in bridge construction are sealed in order to prevent exposure 
to degradation agents such as UV radiation and moisture. However, during the long service life of 
bridges, up to 100 years, an initially sealed joint may start leaking, exposing the joint to moisture 
and other degradation agents. Moreover, the epoxy-based joint might be exposed to concrete pore 
water solution with high pH (close to 12.5) [110,111]. 
Choi et al. [120] performed three-point bending tests to evaluate the bond behaviour between CFRP 
and concrete, using the EBR technique. The durability of the composite system was assessed 
through various environmental exposure  conditions: (i) immersion  in tap water at temperatures of 
30 ºC, 40 ºC, 50 ºC and 60 ºC; (ii) immersion in alkali solution with a pH of 11.5 (at 50 ºC); 
(iii) immersion in chloride solution at 50 ºC; (iv) cyclic exposure to UV light (using UV reflector 
lamps) and immersion in tap water at 50 ºC; and (v) outdoor exposure to the brackish water on the 
Matanzas River, in Florida. The experimental program included five CFRP systems (4 wet lay-up 
and 1 precured laminate) and the exposition to the abovementioned environments had a duration 
of 18 months. The precured CFRP specimens subjected to the 18-month water immersion at 30 ºC, 
40 ºC, 50 ºC and 60 ºC showed a reduction on the failure load of 33%, 45%, 57%, and 67%, 
respectively, when compared with the control specimens (also tested after 18 months). In fact, the 
precured CFRP laminate showed the largest losses in failure load when submitted to chloride 
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solution immersion (reduction of 71%), alkali solution immersion (reduction of 63%) and to the 
synergy between artificial UV radiation and water immersion at 50 ºC (reduction of 54%). The failure 
mode changed from adhesive on the control specimens to interlaminar composite failure. The 
authors justified this behaviour with the durability of the resin used for precuring the CFRP laminate 
strip (by the supplier), which was lower than the durability of the epoxy resin used for bonding the 
CFRP laminate strip to concrete. The wet lay-up systems presented higher durability (reduction in 
the flexural strength between 10% and 40%, depending on the type of CFRP system and 
environmental condition) and adhesive or adhesive/interfacial failure.  
Lai et al. [121] studied the effects of exposing externally-bonded CFRP-concrete beams to water 
immersion at 25 ºC, 40 ºC and 60 ºC. Pull-out tests were performed after 5, 15, 30 and 50 weeks. 
Results show a decrease on the shear strength of 8% and 21% for the temperatures of 40 ºC and 
60 ºC, whereas the immersion on water at 25 ºC lead to a negligible variation on the shear strength 
(5% increase). 
Kabir [122] investigated the durability of the bond between the external CFRP reinforcement and 
concrete when exposed to temperature cycles, wet-dry cycles and outdoor environments, for a 
period of up to 18 months. Each wet-dry cycle had the duration of 2 weeks, being the first wetting 
followed by 1 week drying. Pull-off tests were performed at ages of 1, 6, 12 and 18 months on 
specimens exposed to wet-dry cycles and the results show no specific degradation trend. Over the 
aging period, the results show variation on the bond strength ranging from -5% to 15%, when 
compared with control specimens.  
Mohammadi et al. [123] studied the effect of immersion on alkali solution (pH≈13) at temperatures 
of 23 ºC, 40 ºC and 60 ºC on the CFRP-concrete bond strength, when using the EBR and EBROG 
methods. Single-shear tests were conducted after 125 days of aging. Results show a significant 
reduction in the EBR bond strength regardless of the temperature (reduction of 23%, 21% and 23% 
for temperatures of 23 ºC, 40 ºC and 60 ºC, respectively). Additionally, the failure mode on EBR 
specimens changed from concrete delamination in laboratory premises to concrete-epoxy interface 
separation in the alkaline solution.   
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Several other authors [124–127] have also studied the influence of moisture on the interface of 
externally-bonded carbon fibre reinforced polymer (EB-CFRP) laminates. In general, results show a 
reduction on the bond strength in the presence of moisture, typically due to the water uptake of the 
epoxy adhesive and, consequently, plasticization and hydrolysis phenomena. 
Literature [119,128–133] shows that the exposure to freeze-thaw cycles might be crucial to the 
epoxy-based bond between concrete and CFRP. Low temperatures might cause matrix 
hardening / microcracking and fibre-matrix degradation. The fracture energy of the CFRP-concrete 
bond decreases with the number of freeze-thaw cycles. Also, the synergy between salt-water and 
freeze-thaw cycles can result in an accelerated degradation, due to the formation and expansion of 
the salt. Yun and Wu [130] investigated the effect of freeze-thaw cycles on the bond interface 
between concrete and CFRP, using water with 40 g/l of NaCl. Each cycle presented a duration of 
4 hours and temperatures that varied between -18 ºC and 4 ºC. After an exposure period that lasted 
17, 33, 50 and 67 cycles, single-lap shear tests were carried out. The main conclusion states that 
the damage on the CFRP-concrete bond increased with the number of cycles mainly because the 
freeze-thaw process reduces the concrete strength and stiffness. Subramaniam et al. [131] also 
studied the durability of CFRP-concrete joints when submitted to freeze-thaw cycling (water without 
NaCl). Each specimen was subjected to two cycles of freezing and thawing per day, for a period of 
50 days, 100 days and 150 days. The temperature ranged between -18ºC and 5ºC. Single lap shear 
showed a reduction of 8%, 12% and 17% after 100, 200 and 300 freeze-thaw cycles, respectively.  
Pan et al. [132] studied the effects of freeze-thaw cycles in water without NaCl and 90% RH on the 
behaviour of the bond between the CFRP and concrete. Each freeze-thaw cycle had a duration of 
24 hours: for 10 hours the temperature was kept at -20 ºC, followed by a (2 hours) heating up to 
30 ºC that was succeeded by a 10-hour period at 30 ºC and another 2-hour period where the 
temperature was reduced to the initial -20 ºC. Single-lap shear tests were carried out at the end of 
30, 60 and 90 days to evaluate the fracture energy, bond stress, interfacial stiffness and load 
capacity of the CFRP-concrete bonded joint. Results show a more severe degradation on specimens 
exposed to freeze-thaw cycling with water immersion (FT-WI) than on specimens exposed to freeze-
thaw cycling under 90% RH (FT-RH). The FT-RH conditions change the failure mode from concrete 
cohesive failure (average load capacity, 𝑃𝑢, of 17.0 kN; average fracture energy, 𝐺𝑓, of 0.95 N/mm; 
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and effective bond length, 𝐿𝑒, of 143 mm) to adhesive/concrete interfacial debonding (after 90 
days, 𝑃𝑢 = 14.8 kN; 𝐺𝑓 = 0.72 N/mm; and 𝐿𝑒 = 145 mm), whereas FT-WI did not change the 
failure mode due to severe degradation of the concrete (after 90 days, 𝑃𝑢 = 12.6 kN; 
𝐺𝑓 = 0.52 N/mm; and 𝐿𝑒 = 183 mm). 
Harmanci et al. [133] presented an experimental investigation on the durability and long-term 
behaviour of the gradient anchorage (GA). Ten specimens (for lap-shear tests) were subjected to 
four different scenarios: (i) reference tests (no aging), (ii) carbonated concrete, (iii) freeze thaw 
cycles and (iv) the combination of the last two environments.  After 120 freeze-thaw cycles (2 
cycles/day, ranging between -15 ºC and 25 ºC), there was a reduction in the ultimate strength of 
the gradient anchorage, determined from lap-shear tests, of nearly 30%. The freeze-thaw cycles 
also changed the failure mode. Conventional mixed failure was obtained for reference specimens 
and specimens with carbonated concrete, whereas specimens subjected to freeze-thaw cycles 
presented a failure surface that lies exclusively between the epoxy-concrete interface.  
A research work carried out by Firmo et al. [134] has shown interesting results regarding the bond 
between concrete and CFRP strengthening system at elevated temperatures. The experimental 
campaign included double-lap shear tests on concrete blocks with externally-bonded CFRP 
laminates with epoxy adhesive. The tests were carried out with the temperature levels of 20 ºC, 
55 ºC, 90 ºC and 120 ºC. Firmo et al. [134] concluded that the effective bond length consistently 
increased with temperature and, simultaneously, the bond strength decreases (14%, 71% and 76% 
when compared with ambient temperature, for the temperatures of 55 ºC, 90 ºC and 120 ºC, 
respectively). Also, at elevated temperatures, the axial strains along the CFRP laminate presented 
almost a linear distribution, which was a consequence of the softening of the interface (the test 
temperatures surpassed the adhesive’s glass transition temperature). It is noteworthy to mentioned 
that Firmo et al. [117] also tested specimens with a mechanical anchorage in the ends of the CFRP 
strip. Although no information about the normal stress at the mechanical anchorage was given, 
results showed that the use of the mechanical anchorages led to more uniform axial strain 
distribution and provided significantly higher bond strength (between 56% and 139%, depending on 
the temperature level). At room temperature specimens with the mechanical anchorage presented 
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shear failure of the concrete block at the anchorage zone, whereas, at elevated temperatures, failure 
was caused by the progressive slip of the CFRP system under the anchorage plate. 
The UV radiation effect was not independently studied in any of the abovementioned research 
works. The ultraviolet (UV) radiation has wavelengths between 290 nm and 400 nm. Most polymers 
have bond dissociations energies about the UV radiation wavelengths and, when exposed to natural 
sunlight, present surface degradation (to a depth of about ten micrometres) [103,119]. It should be 
noted that when an EB-CFRP joint is exposed to UV radiation, only the exposed areas are damaged 
(typically the CFRP). Additionally, protective coating is commonly applied on the CFRP surface to 
protect it from direct ultraviolet exposure [135].  
1.2.2 Prestressed FRP system 
According to Michels et al. [63] the durability is one key aspect in structural engineering. The 
durability of RC structures strengthened with prestressed CFRP laminates is still an open issue, 
and, although there is plenty of research on the durability of each composing material (CFRP 
reinforcements, epoxy adhesives, concrete and steel), the behaviour of these composite system 
(RC element / epoxy adhesive / CFRP laminate strip) should be further investigated. As referred in 
Section 1.2.1, some environments might not produce great degradation on the properties of each 
material but might influence the interaction between of them.  
Over the last decades several studies have focused on the durability of RC elements strengthened 
with non-prestressed FRP laminates (e.g. Cromwell et al. [136]; Toutanji et al. [137]), however, the 
effects of environmental exposure on RC elements strengthened with prestressed EBR CFRP 
laminates is still scarce. In fact, during the literature search, only two studies were found on the 
durability of RC elements strengthened with prestressed EBR CFRP composites by El-Hacha et al. 
[59,60]. 
El-Hacha et al. [59,60] studied the effect of room (22 ºC) and low temperatures (-28 ºC) combined 
with sustained load on prestressed CFRP RC beams. The study included eight prestressed EBR 
beams, four per studied temperature: (i) one unstrengthened control beam, (ii) one strengthened 
beam, (iii) one strengthened beam subjected to its own weight for one year and (iv) one 
strengthened beam subjected to sustained load (50% of the strengthened beam capacity) for one 
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year. The following main conclusions were obtained: (i) the strengthening produced a considerable 
enhancement in stiffness and strength; (ii) the isolated effect of sustained load had no impact on 
the beams ultimate strength; (iii) the combined effect of sustained load and low temperatures 
reduced the ultimate strength of the beams by 8%. 
1.3 Long-term behaviour 
In the context of the present thesis, the long-term behaviour concept is associated to the evolution 
of the performance of the structure during its service life. The long-term performance of a 
composite system (RC element/epoxy adhesive/CFRP laminate strip) might be influenced by 
phenomena such as creep, shrinkage or relaxation of each of the components of the system, or 
interaction between them [11]. Silva [3] presented a state-of-the-art review on the time-dependent 
behaviour of RC elements strengthened with CFRP materials. The revision included (i) basic 
concepts of creep and relaxation, (ii) the principles of linearity of the materials (superposition 
principle and homogeneity), and, (iii) rheological models for the simulation of creep.  
In this section, a brief literature review on the long-term behaviour of RC elements prestressed with 
externally bonded FRP elements will be presented. The section is divided in two sub-section. Section 
1.3.1 presents a summary on the creep, shrinkage, and relaxation of composite materials, whereas 
in Section 1.3.2 a brief state-of-the-art review on the long-term behaviour of RC structures 
prestressed with FRP laminates is presented.  
1.3.1 Carbon FRP reinforcement, epoxy adhesive and FRP/concrete 
interface 
The long-term performance of the concrete (creep and shrinkage) has been studied over the last 
decades and, nowadays, there is deep a knowledge on the area, consolidated by a comprehensive 
number of reports, papers and books [3,11,138,139]. In contrast, the information on the long-term 
behaviour of FRP and epoxy adhesives is limited. The present section provides a short compilation 
of the available information on creep, shrinkage and relaxation of Carbon FRP reinforcement, epoxy 
adhesives and FRP/concrete interface. 
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1.3.1.1 Carbon FRP reinforcement 
Typically, FRP materials present lower stress relaxation than steel strands. The type of fibre, volume 
of fibre, stress history, temperature and humidity are the main parameters that influence the 
relaxation and creep of FRP’s. The FRP relaxation is primarily related to the relaxation of the matrix 
resin and straightening of the fibres [3,11]. Wang et al. [140] performed relaxation tests on CFRP 
sheets, which were subjected to three sustained deformation levels (40%, 48% and 56% of the CFRP 
strength obtained in static tests). After a period of 2.500 h, the authors observed a relaxation loss 
raging between 2.2% and 6.6%. According to Dolan et al. [141] the carbon fibres exhibit no 
relaxation. Moreover, the CFRP laminates possess high percentage of fibre content and the 
manufacturing procedure avoids eccentricities along each fibre. Consequently, the relaxation of 
CFRP laminates is not a relevant effect for its long-term performance.  
Ascione et al. [142] performed a research program on creep in CFRP laminates under various 
stress levels that varied between 15% and 75% of the characteristic tensile strength for a period of 
500 days. The authors concluded that the strain variation during the test were limited (1.4% - 1.9% 
of the initial strain) due to the high volumetric fraction of fibres and high modulus of elasticity. Also, 
the creep evolution is mainly governed by the matrix behaviour and is more pronounced in CFRP 
composites with low volume of fibres [143]. 
1.3.1.2 Epoxy adhesive 
A volumetric shrinkage between 2% and 7% is typically observed during the curing of an epoxy-
based adhesive. When the adhesive is completely cured, the shrinkage coefficient variation 
becomes negligible to the point that the long-term behaviour is only creep-dependent [11]. In fact, 
epoxy-based adhesives exhibit relevant creep deformation when subjected to constant load. 
Additionally, the creep evolution of adhesives is highly influenced by level of applied stress and by 
the environmental conditions, such as temperature and humidity [3,11,144–146]. The creep 
behaviour of epoxy adhesives is frequently modelled using rheological models. Figure 1.7 presents 
the three most used rheological models: (i) Maxwell model, (ii) Kelvin model, and (iii) Burger’s 
model. Typically, these models are illustrated by means of Newtonian dashpots and Hookean 
springs that replicate, respectively, the viscous and elastic components of the adhesive’s response. 
The Maxwell model (see Figure 1.7a) is a 2-parameter model that combines a spring with 𝐸𝑀 
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elasticity and a dashpot with 𝜂𝑀 dynamic viscosity, in series. The Kelvin model is also a 2-
parameter model that combines a spring with 𝐸𝐾 elasticity and a dashpot with 𝜂𝐾 dynamic 
viscosity, in parallel. The Burgers model is a 4-parameter model that results from the combination 
of the Maxwell model with the Kelvin model. The common configuration is depicted in Figure 1.7c 
as a combination in series of the Maxwell and Kelvin’s models, but in alternative it can be presented 
as two Maxwell models in parallel. It is possible to generate other models like the generalized Kelvin 
model (several Kevin model connected in series) or the generalized Maxwell model (several Maxwell 
models connected in parallel). 
 
Figure 1.7: Rheological models: (a) Maxwell model; (b) Kelvin model; and (c) Burgers model (adapted 
from [11]). 
 
Majda and Skrodzewicz [147] developed an experimental investigation on the creep behaviour of 
an epoxy adhesive. The experimental campaign included four levels of constant value of stress 
(33%, 43%, 54% and 65% of the ultimate tensile strength – 40 MPa), at a constant temperature of 
22 ºC, in order to determine the parameters of rheological models for the adhesive. The test results 
showed nonlinearity of creep strains for the two highest stress levels (57% and 65% of the ultimate 
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tensile strength). Using a nonlinear regression analysis, Majda and Skrodzewicz [147] were able to 
quantify the rheological properties and obtain a good fitting (Burger’s model) to the experimental 
results. The authors also concluded that the stress level has a significant impact on the parameters 
of the Burger’s model.  
Costa and Barros [145] presented an experimental and analytical investigation on the tensile creep 
behaviour of an epoxy-based adhesive. Creep tests were carried out using three different load levels 
(20%, 40% and 60% of the adhesive’s tensile strength), which were applied after 3 days of curing 
and kept for a period of 1000 h, in a climatic chamber with a constant temperature of 20 ºC and 
60% of relative humidity. The adhesive presented a linear viscoelastic behaviour for all the stress 
levels tested. During the creep tests the adhesive endured a deformation level that was two times 
higher than the ultimate strain measured on the material characterization (0.3%). As referred by 
Costa and Barros [145], the abovementioned observation indices that the epoxy is able of 
reorganizing its internal structure to continuously withstand more deformation without rupturing. 
The authors were also able to successfully obtain creep strain and creep modulus curves using the 
Burger’s model in agreement with the experimental results.  
Silva et al. [148] also presented an experimental and analytical study comprising tensile creep tests 
on an epoxy-based adhesive. The experimental program included: (i) adhesive specimens subjected 
to two stress levels (30% and 40% of the adhesive’s tensile strength) for a predefined initial age 
(7 days of curing); and (ii) adhesive specimens subjected to equal stress level (30% of the adhesive’s 
tensile strength) loaded at different loading age (1, 2, 3 and 7 days of curing). Based on the 
experimental results, the authors confirmed the viability of the principles of homogeneity and 
superposition on the epoxy adhesive. Also, specimens subjected to sustained stress at the earlier 
ages exhibit larger creep strains (creep coefficient of 4.1, 2.1, 1.9 and 1.3 for specimens loaded at 
1, 2, 3 and 7 days of age, respectively). The Burger’s model was used on the analytical analysis of 
the adhesive but, for specimens tested at early stages (when curing reactions are occurring), the 
model could not successfully simulate the creep recovery. Silva et al. [148] proposed a new 
framework, based on the generalized Kelvin model, for which a good fit to the experimental results 
of the creep tests was achieved. 
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1.3.1.3 FRP/Concrete interface 
Meshgin et al. [47] presented an experimental and analytical study on the creep behaviour of epoxy 
at the interface between concrete and FRP. The experimental component of the study was 
composed by nine specimens subjected to constant shear stress for up to nine months period. The 
sustained load was applied after 1 and 7 days of curing. Results show that most of the creep 
deformation develops within relatively short period of time compared to the long creep period of 
concrete. Also, specimens subjected to the shear creep tests with 1 day of curing presented higher 
creep deformation than specimens loaded after 7 days of curing. Meshgin et al. [47] also stated 
that the magnitude of the sustained shear stress is a relevant factor and, when high shear stress 
was applied, unexpected failure (tertiary creep) occurred.  
 
1.3.2 Prestressed FRP system 
The knowledge on the long-term behaviour of RC structures strengthened with FRP reinforcements 
is fundamental for the acceptance of the EBR FRP systems on the construction industry. The works 
carried out over the last decade on this subject present an interesting feedback regarding the long-
term behaviour and durability of the RC structures strengthened with CFRP, when the EBR 
technique is used.  
Diab et al. [149] presented an experimental work on the short and long-term behaviour of 
prestressed FRP sheet anchorages. The experimental program included seven beams with 
prestressed FRP sheets with a prestress level that varied from 16.7% to 33.3% of the ultimate tensile 
strength. These specimens were kept in an outdoor environment, where the temperature varied 
between 7 ºC and 30 ºC, for a period of twenty months. Based on the strain measurements on the 
FRP sheet over the long-term test, the authors observed that the temperature did produce a 
significant effect on the middle span deflection of the beam and a negligible effect on the anchorage 
zones. Creep of the adhesive layer was considered the main reason for the observed prestress 
losses at the effective bond length (anchorage zone), whereas creep of the concrete and changes 
in the temperature were appointed responsible for the prestress losses beyond the effective bond 
length.  
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Michels et al. [64] presented long-term measurements on a 2.4 m long RC beam strengthened 
with a prestressed CFRP strip with gradient anchorage. A mean prestrain of 0.55% was measured 
in the middle part of the strip and the slab was kept in a laboratory environment. Over the period 
of 13 years, the level of prestrain only dropped from 0.55% to 0.51%, most likely due to creep of 
the concrete.  
Czaderski and Meier [150] recently presented the results on two long-term monitoring campaigns: 
(i) a 47-year long monitoring campaign on a concrete beam with an epoxy bonded steel plate and 
(ii) a 20-year monitoring campaign on a road bridge with epoxy bonded CFRP strip. Regarding the 
first long-term monitoring campaign, in 1970 the strengthened RC beam was loaded using a 
four-point bending test with a constant load of 60 kN (30 kN in each load point), which represents 
87% of the mean value of the failure load. The authors state that after 47 years, the beam is still in 
a good condition, despite some corrosion at the surface of the steel plate. The main creep occurs 
in the concrete in the compression zone and almost no creep takes place in the adhesive layer. 
Moreover, results show that the long-term high loading did not influence the externally bonded steel 
strips negatively. The second long-term monitoring campaign presented by  Czaderski and Meier 
[150] reports a 20-year long monitoring on RC slab strengthened with CFRP strips. The 
strengthening was conducted in 1996 due to higher road loads and chloride contaminated 
concrete. Over the last 20 years, structural expansions and contractions due to the temperature 
seasonal variation (in between -10 ºC and 25 ºC) were observed. However, a visual inspection 
showed that the externally bonded CFRP laminates are still in good condition, despite the air 
humidity and foggy weather that is common in the outdoor environment where the slab is located.  
1.4 Summary and research significance 
The research works presented and discussed above have shown the significance of the durability 
on the performance of materials like CFRP and epoxy adhesives, and the interface between them. 
The number of available experimental data is particularly significant on water-based environments 
(e.g. wet-dry cycles or immersion on tap/deionized, salt-water and alkaline water), where, typically, 
specimens (material samples or composite specimens designed to test the bond between 
materials) are also exposed to high (up to 60 ºC) or low (e.g. freeze-thaw cycles) temperatures. In 
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fact, from the experimental works above-mentioned, the synergy between immersion in water and 
high temperature is responsible for the highest reduction on the mechanical properties of both 
materials and on the interface strength. However, it should be noted that these research studies 
present differences in the type of materials, manufacturing process (e.g. curing time, temperature, 
and humidity), and exposure conditions (e.g. duration, temperature range, relative humidity, and 
salt concentration), which inevitably led to a non-negligible result dispersion. In general, CFRP 
materials present high durability in all the environments, except on alkali environment. The 
plasticization is a consequence of the water uptake, commonly observed on epoxy adhesives, which 
lead to a significant reduction on their mechanical properties and glass transition temperature. 
Results show that this phenomenon is lower on salt-water than on tap or demineralized, since water 
uptake is lower due to the osmotic effect present on environments with higher salt concentration 
(e.g. salt-water). Several research works have shown a direct relation between the durability of the 
epoxy adhesive and the epoxy-based bond between CFRP and concrete. The reduction on the 
mechanical properties of the epoxy tend to reduce the bond strength. Temperature is another key 
factor on the durability of epoxy adhesives and epoxy-based interfaces. The heating can improve 
the adhesive’s mechanical properties due to post-curing phenomenon; however, tests have shown 
that testing epoxy samples and epoxy-based joints at high temperatures results in a significant 
reduction on the mechanical properties and bond strength/stiffness, respectively, especially, when 
exceeding the corresponding 𝑇𝑔’s . 
The long-term behaviour of CFRP, bonding agent and interface between materials were also 
considered on the literature review, for which a general conclusion could be observed. The 
relaxation and creep observed on the CFRP material can be neglected, mainly because, in general, 
CFRP materials have high fibre content. However, epoxy adhesives present a significant creep 
behaviour which is higher when the loading is applied in the early ages.  
Despite the recent research developments on the durability and long-term behaviour of prestressed 
RC elements with FRPs, the effects of environmental exposure such as immersion in water, 
immersion in salt-water or wet/dry cycles with water, which may be considered critical on RC 
elements strengthened with prestressed EBR CFRP laminates, have not yet been addressed by the 
scientific community. Therefore, the present thesis serves as a contribution to this research gap. 
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1.5 Objectives 
The present research work aims to give insights on two main literature gaps of prestressed EBR 
CFRP systems in reinforced concrete structures, mainly: (i) durability and (ii) long-term 
performance. The main objective of the research conducted in this thesis was to test, analyse and 
evaluate the durability, short and long-term structural behaviour of RC elements strengthened in 
flexure with pre-stressed CFRP laminates under various specific environmental conditions, load 
conditions and chemical degradation. In order to fulfil this goal two different anchorage systems 
were used: (i) the mechanical anchorage (MA) and (ii) the gradient anchorage (GA). With the 
development of this research work, it is expected a relevant contribution to the existing knowledge 
on this subject. It is also expected that the research derived from this thesis will constitute a valuable 
contribution for the definition and development of design guidelines, as to better accounting for the 
durability and long-term behaviour of RC members strengthened with prestressed CFRP laminate 
strips. The detailed objectives of the present thesis are as follows: 
► To assess the influence of the CFRP strip geometry, prestrain level, surface preparation and 
anchorage system on the flexural response of RC slabs strengthened with EBR prestressed 
CFRP laminates strips; 
► To assess the influence of different environmental conditions on the durability of RC slabs 
strengthened with prestressed CFRP laminates according to EBR technique. It includes the 
study on the effect of moisture, chlorides, and wet-dry cycling on both anchorage systems; 
► To assess the short-term and long-term prestress losses for both anchorage systems: the 
Mechanical Anchorage (MA) system and the Gradient Anchorage (GA) system. In the same 
topic, it is a goal to study of the effect of different environmental conditions on the prestress 
losses; 
► To assess of the creep effect on RC slabs strengthened with EBR prestressed CFRP 
laminates strips, and identification of the critical environmental conditions that might 
accelerate this effect; 
► To assess the bond behaviour of the mechanical anchorage and study the influence of the 
CFRP strip geometry, level of transverse compression and temperature on the anchorage’ 
performance; 
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► To extend the analysis of the experimental campaign with analytical formulations; 
► Development of finite element analyses to simulate the experimental results obtained with 
RC slabs strengthened with EBR prestressed CFRP laminates strips for a better 
understanding the observed phenomena in the tests and extend the studies carried out. 
This doctoral thesis was developed in the scope of the research project FRPreDur – “Short and 
long-term structural behaviour of concrete elements flexurally strengthened with prestressed CFRP 
laminates” (PTDC/ECM-EST/2424/2012) – funded by the Portuguese Foundation for Science and 
Technology (FCT). The overall research methodology is presented in Figure 1.8, and it incorporates 
three main tasks: (i) state-of-the-art review; (ii) experimental programme; (iii) numerical simulations. 
 
 
Figure 1.8: Research Methodology. 
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1.7 Outline 
The conducted scientific research work described in this thesis is organized in six chapters. The 
present Chapter 1 contains a brief introduction and review of the available literature and current 
understandings about the subjects covered in this research work. Then, it enumerates the main 
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objectives of the work, publications already developed and ends with the contents summary of each 
chapter of this thesis. 
Chapter 2 presents the description, results and analysis of an experimental work of reinforced 
concrete slabs strengthened with prestressed CFRP laminates, using the mechanical anchorage 
(MA) system and the gradient anchorage (GA) system. This experimental work is composed of 
fourteen full-scale slabs with a total length of 2600 mm. The laminate geometry, level of prestress, 
surface preparation were the studied parameters. Some of the slabs were not strengthened to 
provide reference slabs. Based on the obtained results, the best configurations were adopted in the 
comprehensive experimental program developed to achieve the main objective of this thesis. 
Chapter 3 includes the comprehensive experimental programme developed to achieve the main 
objective of this thesis. The monitoring of prestress losses, the mid-span vertical displacement and 
CFRP strain due to a creep loading, and the effect of four environmental actions were the main 
parameters studied. A total of twenty full-scale slabs compose this experimental campaign, which 
ended with a monotonic test up to failure. The obtained results were presented and discussed with 
reference to the relevant literature. 
Chapter 4 presents another experimental campaign, composed of twenty-four large scale pull-out 
specimens. Each specimen intended to study the bond behaviour of the mechanical anchorage 
used on the prestressing of the aforementioned slabs. The studied parameters included the 
laminate geometry, the level of confinement stress, and temperature. The results were presented, 
compared with the existing literature and discussed. 
Chapter 5 shows the developed numerical simulations used to further analyse the results obtained 
in Chapter 3. The selection of the constitutive material models for each constitutive material are 
elaborated in detail. The performance of these simulations was compared with experimental 
results. Using the calibrated models, further studies were performed. 
Although the conclusions are included in each chapter, a summary of the work carried out is 
presented in Chapter 6. It is also presented the research needs for future work to be followed.  
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2.1 Introduction 
As stated in the previous chapter, the main objective of this thesis is to study the short and long-
term behaviour and durability of reinforced concrete slabs strengthened with prestressed CFRP 
laminates. In this research, two anchorage systems which play key role in the success of the 
strengthening technique, were studied: (i) the mechanical anchorage (MA) system and (ii) the 
gradient anchorage (GA) system. 
The geometry and materials used in the present work outcomes from the experience acquired from 
previous work developed at the University of Minho [1], [2]. However, due to several uncertainties, 
at the onset of this experimental work the influence of several other parameters like the concrete 
surface treatment, the laminate geometry and level of prestress on the behaviour of the prestressing 
system were analysed. Thus, a preliminary experimental work was carried out composed of 
fourteen reinforced concrete (RC) slabs. Based on the obtained results, the best configurations 
were adopted in the comprehensive experimental program developed to achieve the main objective 
of this thesis (additional details are given in Chapter 3). 
In this chapter, detailed information about the specimens and test configuration, materials, 
prestressing and anchorage systems, and surface preparation are initially presented. Then, the 
obtained results are reported focusing the main aspects at service and ultimate conditions. Finally, 
the principal conclusions are highlighted at the end of the chapter. 
Part of the work herein described has been already published in three journal papers [3]–[5] and 
several conference [6]–[8] papers. 
2.2 Experimental programme 
This preliminary experimental programme was composed of fourteen slabs, divided into two series 
according to the surface preparation method: in series GD, composed of ten reinforced concrete 
(RC) slabs, the concrete surface region where the FRP reinforcement was installed was treated by 
means of grinding with a stone wheel, whereas in series SB the surface preparation of the three 
RC slabs was performed by sand blasting. In both cases the main aim was to remove the weak 
concrete laitance layer and expose the aggregates of the substrate. Three slabs were used as control 
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specimens (GD_REF1, GD_REF_2 and SB_REF_3). Four slabs were strengthened with a simple 
CFRP laminate strip according to the EBR technique without any prestressing (GD_EBR_L501.4, 
GD_EBR_L501.2, GD_EBR_L801.2, and SB_EBR_L501.2). The remaining seven slabs were 
strengthened with one externally bonded prestressed CFRP laminate strip with either a mechanical 
anchorage (MA) or a gradient anchorage (GA). As it is shown in Table 2.1, all specimens are 
labelled with a generic denomination: X_Y_LZ, where X is the specimen series (GD or SB), Y is the 
type of anchorage (MA or GA, or EBR for specimens strengthened with an unstressed CFRP 
laminate), and Z is the cross-section geometry of the laminate strip in millimetres (L501.4, 
L501.2 or L801.2). The three control specimens are also labelled with the specimen series and 
a differentiator suffix (REF_1, REF_2 and REF_3). The main goal of the prestress application was 
to duplicate the carrying capacity of an unstrengthened slab. 
Table 2.1 
Experimental programme. 
Specimen Anchorage 
System 
CFRP Strip 
[mm] 
Initial 
Strain [%] 
Prestress 
Force [kN] 
Concrete 
Batch 
Surface 
Preparation 
Series GD       
     GD_REF_1 -- -- -- -- B1 Grinding 
     GD_EBR_L50x1.4 -- 50  1.4 0.00 0.00 B1 Grinding 
     GD_MA_L50x1.4 MA 50  1.4 0.40 43.1 B1 Grinding 
     GD_GA_L50x1.4 GA 50  1.4 0.41 43.9 B1 Grinding 
     GD_EBR_L50x1.2 -- 50  1.2 0.00 0.00 B2 Grinding 
     GD_MA_L50x1.2 MA 50  1.2 0.42 42.2 B2 Grinding 
     GD_REF_2 -- -- -- -- B3 Grinding 
     GD_EBR_L80x1.2 -- 80  1.2 0.00 0.00 B3 Grinding 
     GD_MA_L80x1.2 MA 80  1.2 0.40 63.1 B3 Grinding 
     GD_GA_L80x1.2 GA 80  1.2 0.41 64.1 B3 Grinding 
Series SB       
     SB_REF_3 -- -- -- -- B4 Sand Blasting 
     SB_EBR_L50x1.2 -- 50  1.2 0.00 0.00 B4 Sand Blasting 
     SB_MA_L50x1.2 MA 50  1.2 0.42 41.6 B4 Sand Blasting 
     SB_GA_L50x1.2 GA 50  1.2 0.40 39.2 B4 Sand Blasting 
Notes: GA = Gradient Anchorage; MA = Mechanical Anchorage. 
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2.2.1 Specimens and test configuration 
The specimens’ geometry and test configuration are shown in Figure 2.1. The slabs have a total 
length of 2600 mm, the rectangular cross section is 600 mm wide and 120 mm thick. The upper 
and lower longitudinal inner reinforcement is composed of three steel bars with a diameter of 6 mm 
(3Ø6) and five bars with diameter 8 mm (5Ø8), respectively. Secondary and transverse 
reinforcement composed by closed steel stirrups of Ø6 at 300 mm spacing is also used. Three 
types of CFRP laminates strips (50  1.2 [mm], 50  1.4 [mm] and 80  1.2 [mm]) with 2200 
mm of length are used as external reinforcement. The longitudinal lower steel reinforcement (5Ø8) 
corresponds to a longitudinal reinforcement ratio, 𝜌𝑙, equal to 0.35%. Assuming a modulus of 
elasticity for steel (𝐸𝑠) of 224 GPa, and a modulus of elasticity for the CFRP laminate (𝐸𝑓) of 
163 GPa (average values from experimental characterization, see Section 2.2.2), an equivalent 
longitudinal reinforcement ratio, 𝜌𝑙,𝑒𝑞, of 0.41%, 0.42% and 0.44% is obtained with the CFRP 
laminate strip of 50  1.2 [mm], 50  1.4 [mm], and 80  1.2 [mm], respectively.  
 
Figure 2.1: Specimen’s geometry and test configuration. Note: All units are in millimetres. 
In order to assess the service and ultimate behaviour of all specimens, quasi static monotonic tests 
up to failure were performed using a four-point bending configuration. A clear and shear spans of 
2400 mm and 900 mm were adopted, respectively. The later corresponds to 9 times the effective 
depth. The instrumentation included 5 linear variable differential transducers (LVDT1 to LVDT5) to 
record the deflection along the longitudinal axis of the slab; 3 strain gauges (SG1 to SG3) with the 
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aim of measuring the strain in the laminate and concrete; and 1 load cell used to measure the 
applied load (F). Figure 2.1 shows the position of each LVDT: three in the pure bending zone with 
the range of ±75 mm and a linearity error of ±0.10% and two between the supports and the applied 
load points with a range of ±25 mm and the same linearity error. The load cell used has a maximum 
measuring capacity of 200 kN and a linear error of ±0.05%. Two different strain gauge types were 
used: (i) two TML BFLA-5-3 strain sensors (SG1 and SG2) glued on the CFRP laminate surface at 
the mid-span and at the force application point; and, (ii) one TML PFL-30-11-3L strain sensor (SG3) 
for measuring the concrete strain at the mid-span. All tests were carried out with a servo-controlled 
equipment under displacement control in the actuator at a rate of 1.2 mm/min. The crack width 
evolution was measured during the test through a handheld USB microscope (model 
VEHO VMS-004 D microscope, with a native resolution of 640480 pixels and magnification 
capacity up to 400). In the present experimental program, the crack width acquisition was done 
with a magnification factor of 20 up to predefined applied load. 
2.2.2 Materials 
The material characterization included the evaluation of the mechanical properties of the materials 
involved in this experimental program, namely concrete, steel, CFRP laminate strip and epoxy 
adhesive.  
Four batches (B1 to B4) were used to cast the RC slabs (see Table 2.1). Concrete characterization 
included evaluation of the modulus of elasticity (𝐸𝑐) and compressive strength (𝑓𝑐) through 
LNEC E397-1993:1993 [9] and NP EN 12390-3:2011 [10] recommendations, respectively. For 
each concrete batch six cylindrical specimens with 300 mm of height and 150 mm of diameter 
were used. Table 2.2 shows the obtained results at the testing day. The average compressive 
strength of series GD was about 53 MPa, whereas for the series SB was about 40 MPa. 
The tensile properties of the steel reinforcement were assessed throughout the 
NP EN ISO 6892-1:2012 [11] standard. A minimum of three specimens were used for each bar 
type. Table 2.2 includes the modulus of elasticity (𝐸𝑠) as well as the yield (𝑓𝑦) and ultimate (𝑓𝑢) 
strengths obtained from the tensile tests. The average value of the 𝐸𝑠 was about 212 GPa and 
235 GPa for the lower longitudinal steel reinforcement in series GD and SB, respectively. The steel 
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of the longitudinal bars and stirrups has a denomination of A400 NR SD according to the 
NP EN 1992-1-1:2010 [12]. 
Table 2.2 
Material characterization (average values). 
Material Series Modulus of 
elasticity 
[GPa] 
Compressive 
strength 
[MPa] 
Tensile 
strength 
[MPa] 
Yield 
strength 
[MPa] 
Ultimate 
strength 
[MPa] 
Concrete       
          Batch: B1 GD 32.2 (7.5%) 53.4 (4.3%) -- -- -- 
          Batch: B2 GD 32.6 (0.1%) 57.4 (3.0%) -- -- -- 
          Batch: B3 GD 30.7 (n.a.) 49.5 (3.1%) -- -- -- 
          Batch: B4 SB 30.0 (n.a.) 40.2 (0.7%) -- -- -- 
Steel       
          Bar type: Ø6 GD 209.5 (8.5%) -- -- 579.3 (3.3%) 669.7 (1.7%) 
          Bar type: Ø6 SB 206.9 (0.4%) -- -- 519.4 (6.1%) 670.2 (5.1%) 
          Bar type: Ø8 GD 212.8 (9.7%) -- -- 501.4 (5.9%) 593.9 (3.9%) 
          Bar type: Ø8 SB 235.1 (4.6%) -- -- 595.9 (4.1%) 699.0 (2.1%) 
CFRP       
          501.4 [mm] GD 154.8 (4.6%) -- 2457.1 (1.2%) -- -- 
          501.2 [mm] GD 167.7 (2.9%) -- 2943.5 (1.6%) -- -- 
          801.4 [mm] GD 164.6 (0.2%) -- 2455.3 (5.0%) -- -- 
          501.2 [mm] SB 164.0 (3.1%) -- 2374.9 (2.5%) -- -- 
Note: the values between parentheses are the corresponding coefficients of variation (CoV). 
 
The CFRP laminate strips used in the experimental work, with a trade mark CFK 150/2000 were 
produced by S&P Clever Reinforcement Ibérica Lda. These CFRP reinforcements consist of 
unidirectional carbon fibres held together by an epoxy vinyl ester resin matrix, produced by 
pultrusion. This type of CFRP laminate presents smooth external surface. The modulus of elasticity 
(𝐸𝑓) and tensile strength (𝑓𝑓) were obtained from tests performed according to the ISO 527-5:1997 
[13] standard. Four and six samples were used for GD and SB series, respectively. The obtained 
values are in agreement with the information provided by the manufacturing company, i.e. 𝐸𝑓 
higher than 150 GPa and 𝑓𝑓 higher than 2000 MPa. 
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The S&P Resin 220 epoxy adhesive®, produced by the same supplier as for the CFRP laminate, 
was used as bond agent to fix the reinforcements to the concrete substrate. In the scope of the 
present experimental program the epoxy adhesive was not characterized. However, in a previous 
experimental program the same adhesive was characterized, after 7 days of curing at 22 ºC, and 
a Young modulus of 7.7 GPa (CoV=3.1%) and a tensile strength of 20.7 MPa (CoV=9.9%) were 
obtained [14]. 
2.2.3 Prestressing and Anchorage Systems 
As referred before, two distinct end-anchorage systems were investigated: (i) the mechanical 
anchorage (MA) which uses steel plates at the ends of the FRP reinforcement, and (ii) the gradient 
anchorage (GA), which is produced by sector-wise heating of the adhesive and a step-wise releasing 
of the prestressed force 𝐹𝑝. These commercially available systems from the same supplier as for 
the CFRP reinforcement and adhesive, present several common and specific equipment. These are 
presented in Figure 2.2.  
 
 
Figure 2.2: Equipment composing the anchorage systems: MA/GA - (a) clamp units; (b) guides; 
(c) aluminium frame; (d) hydraulic cylinder; (e) manual hydraulic pump; MA - (f) metallic anchor plate; 
GA - (g) heating device; (h) manometer and valves. 
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The MA system uses metallic anchor plates of 200  272  12 [mm] fixed with six M16 8.8 bolt 
anchors, guides, clamp units, aluminium frames, hydraulic cylinders, and a manual hydraulic 
pump. For the case of the GA system, guides, clamp units, aluminium frames, hydraulic cylinders, 
manometer and valves, and heating device for accelerated curing the adhesive, are required. 
Depending on the level of prestressing to be applied and the length of the CFRP laminate strip to 
be prestressed, the MA can have one or both active anchorages. In the case of the GA system both 
anchorages are always active due to nature of the technique. The application of these anchorage 
systems comprises the following main steps: 
1. The first step consists on the surface preparation of concrete substrate where the strip is 
applied. In the present experimental program two different methods were used: (i) sand 
blasting (Figure 2.3a’) and (ii) gridding with stone wheel (Figure 2.3a’’). Afterwards, 
compressive air was used to clean the treated region of the slab; 
2. Several holes are drilled to accommodate temporary and permanent bolt anchors. GA 
system complies only temporary bolts, whereas for the case of MA system, six M16 8.8 
permanent bolt anchors are used to fix each steel anchorage plate. HIT-HY 200-A® chemical 
bond agent was used to fix the bolts to concrete. Then, aluminium guides are placed in the 
right position to guide and fix the clamp units (Figure 2.3b); 
3. The clamp units are placed in-between the guides at each extremity of the slab; 
4. The epoxy adhesive is prepared according to the requirements included in producer’s 
technical datasheet and the CFRP laminate strip is cleaned with a solvent. Then, the 
adhesive is applied on the surface of the CFRP laminate as well as on the concrete surface 
region in contact with the laminate (Figure 2.3c). A minimum of 2 mm of thickness of 
epoxy was used. The CFRP laminate strip is then placed in its final position and slightly 
pressed against the concrete substrate;  
5. The clamping units are closed and a dynamometric key is used to tighten the screws of the 
clamp units with a torque of 170 N·m (Figure 2.3d); 
6. For the case of MA system, anchors plates are slightly grinded with sandpaper and cleaned 
with a solvent before they are installed in their predefined location (Figure 2.3e’). In the 
case of GA, heating devices are placed in the gradient zone (Figure 2.3e’’); 
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7. The aluminium frames are then placed on their predefined locations and fixed against the 
concrete with the anchors (Figure 2.3f’’ and (Figure 2.3f’’) in order to accommodate 
the hydraulic cylinder (Figure 2.3g’ and (Figure 2.3g’’) for the application of the 
prestressing; 
8. Finally, using a manual hydraulic pump, the prestress is applied to the CFRP laminate strip 
(Figure 2.3h’’ and (Figure 2.3h’’). 
Once the CFRP is prestressed distinct procedures are followed for the case of the MA and the GA 
systems. In the MA system, by applying a torque of 150 N∙m in each bolt anchor of the anchor 
plates, it is possible to increase the transverse compression level in this region and hence reducing 
the probability of the CFRP laminate sliding at the ends. Afterwards, by using additional fixing 
screws mounted in-between the frame and the clamp units, it is possible to block the prestressing 
system in order to avoid prestress losses during the curing of the epoxy. The strengthening 
application is concluded after approximately 24 hours, since after this time span the epoxy reaches 
a degree of curing at least at about 90% [15] for temperatures not lower than 20 C. In the end, 
the equipment is removed (fixing screws, clamp units, guides and aluminium frames) and the 
temporary anchors and CFRP laminate outside of the anchor plates are cut off.  
The GA system uses the adhesive’s ability to cure fast at high temperatures and hence to create a 
non-mechanical anchorage [16]. For the present specimens, a 600 mm anchorage length was 
used, composed of 3 sectors (50/80 mm wide and 200 mm long each). During the application of 
the gradient method, all specimens were monitored in terms of applied force by the hydraulic 
cylinders and temperature at the distinct sectors composing the heating devices. The typical 
evolution of the temperature, jack force and strain over time is graphically represented on Figure 
2.4 for the specimen GD_GA_L501.4: firstly, it begins with a plateau of 160 ºC during 15 
minutes, followed by an exponential decrease during 20 minutes (down to 120 ºC), and finally the 
cooling phase. In the following sector the same heating process is carried out 10 minutes after the 
beginning of the cooling phase. The releasing force in each step was equal to about 1/3 of the total 
applied force. This released occurred 15 minutes after the initiation of the cooling phase. After the 
first release a slight prestrain loss in the CFRP laminate (a variation at about 1.5%) can be observed, 
 CHAPTER 2     
      
 
61 
as depicted in Figure 2.4a. This variation can be justified by the lower value of the modulus of 
elasticity of the epoxy adhesive due to the curing process [17]. 
 
 
Figure 2.3: Strengthening procedures for the mechanical anchorage (red path) and gradient anchorage 
(blue path). 
 
      
PRELIMINARY STUDIES OF RC SLABS STRENGTHENED WITH PRESTRESSED CFRP STRIPS 
 
62 
In the prestressed specimens strain gauges were used to control the prestress level. The CFRP 
strip was prestressed up to an average prestrain of 0.4%.Table 2.1 highlights the values of the 
registered prestrain at the middle of the laminate at the end of the strengthening. 
  
  
Figure 2.4: Evolution of the temperature, jack force and CFRP strain on GD_GA_L501.4 over time: 
(a) hydraulic jack force 𝐹𝑝 and midspan CFRP strain 𝜀𝑓; (b) temperature in the heating elements 𝑇ℎ,𝑖 
and in the epoxy adhesive 𝑇𝑎,𝑗. 
 
In contrast to the MA system where the final result (after removing the prestressing equipment, 
temporary anchors and excess of CFRP laminate) includes the bonded CFRP laminate strip and 
two metallic anchor plates, the GA system will be composed by a purely bonded CFRP 
strip/epoxy/concrete system. The specimens were kept in lab environment after strengthening at 
least one month before testing. 
2.2.4 Surface preparation 
Considering the two different surface treatment methodologies applied at the concrete slab 
surfaces and in order to allow the identification of their influence on the obtained responses, the 
roughness of these distinct surfaces was measured. Thus, an equipment was developed in scope 
of present work by Professor Eduardo Pereira, with the use of an existing laser sensor, with a 
resolution of 5 μm, a repeatability of 15 μm, and a linearity of 20 ±μm. The surfaces selected for 
the experimental characterization are representative of the three distinct types of surface 
treatments involved in the present research, which are the normal surface (without any treatment), 
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the grinded surface, and the sand blasted surface. In Figure 2.5 it is possible to see the three 
different roughness of the material. 
   
   
   
Figure 2.5: Different roughness of concrete surfaces: (a) smooth (before any treatment); (b) grinded 
treatment; (c) sandblasted treatment. 
The laser sensor was coupled to a metallic plate, which was part of a mechanism conceived to 
produce a slow displacement at a constant rate, as well as to allow the displacement of the laser 
sensor during scanning at a parallel trajectory relatively to the scanned surface, as shown in Figure 
2.6. The displacement rate was 0.69 mm/s and the data acquisition rate was 120 Hz, leading to 
consecutive readings spaced of 0.00575 mm. Representative profiles of the three different surfaces 
are shown in Figure 2.5. The representative profiles clearly distinguish the untreated surface and 
the treated surfaces, both the grinded and the sandblasted surfaces. 
 
Figure 2.6: Setup details about the device used to control de displacement of the sensor. 
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In this work several statistical indicators were considered to characterize the surface roughness 
[18], especially the average roughness, 𝑅𝑎, and the root mean square, 𝑅𝑞, as well as the peak 
and valley values of the samples. The average roughness and the root mean square can be 
determined using the equations (2.1) and (2.2), respectively. In these equations 𝑙𝑚 is the evaluation 
length, 𝑧(𝑥) is the profile height at position 𝑥, and 𝑛 is the number of scan readings. 
𝑅𝑎 =
1
𝑙𝑚
∙ ∫ 𝑧(𝑥) ∙ 𝑑𝑥
𝑙𝑚
0
  (2.1) 
  
𝑅𝑞 = √
1
𝑛
∙ ∑ 𝑧𝑖2
𝑛
𝑖=1   (2.2) 
The most common mathematical parameters used to characterize the roughness were computed 
for the three types of surfaces and are presented in Table 2.3. It is possible to verify that for the 
three different surfaces the obtained values of roughness 𝑅𝑎 show the expected trend, increasing 
in a reasonable fashion when departing from the smooth surface and arriving at the sandblasted 
slabs.  
Table 2.3 
Results from the roughness assessment. 
Roughness parameter [mm] Smooth Grinded Sandblasted 
SLAB A 
Sandblasted 
SLAB B 
Arithmetic average of absolute values, 𝑅𝑎 0.021 0.046 0.081 0.099 
Root mean squared, 𝑅𝑞 0.026 0.060 0.110 0.135 
Maximum valley depth, 𝑅𝑣 -0.076 -0.228 -0.577 -0.636 
Maximum peak height, 𝑅𝑝 0.090 0.173 0.248 0.405 
Maximum height of the profile, 𝑅𝑡 0.166 0.401 0.826 1.042 
2.3 Results and discussion 
The experimental results are presented in the current section, namely the relation between the 
applied load and the mid-span deflection, crack width, crack pattern and failure modes. All 
characteristic results for the cracking, yielding, and ultimate loading state are presented in Table 
2.5. The results discussion complies the difference between anchorage systems, laminate 
geometries and surface treatment. 
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2.3.1 Deflection evolution 
The relationship between the applied force and the deflection at mid-span was monitored and it is 
represented in Figure 2.7. As expected, the strengthening increased the stiffness of the RC slab 
and, as a consequence, reduced the deflection for a specific load level. Table 2.5 summarizes 
the key results, for which the prestress level and the geometry of the CFRP strip were the influential 
factors. 
Prestressing did not significantly change the stiffness of the elastic phase (𝐾𝐼). However, substantial 
differences were observed in the stages after the crack initiation: firstly, cracking (𝛿𝑐𝑟, 𝐹𝑐𝑟) and 
steel yielding (𝛿𝑦, 𝐹𝑦) were delayed when compared with the non-prestressed specimens; and the 
stiffness after cracking (𝐾𝐼𝐼) was higher in the strengthened slabs. Larger CFRP strips attract higher 
tensile forces and hence also induce higher system stiffness. Results show an average increase of 
39%, 84% and 106% in the stiffness 𝐾𝐼𝐼 of the GD series prestressed specimens with 501.2 [mm], 
501.4 [mm] and 801.2 [mm] CFRP laminates, respectively. The same comparison shows an 
increase of 39% for the series GD prestressed specimens. 
In general, both prestressing strengthening techniques presented similar performances in terms of 
serviceability load/deflection up to yielding initiation. 
 
  
  
Figure 2.7: Total force versus mid-span deflection: (a) series GD; (b) series SB. 
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2.3.2 Crack width 
The crack width was monitored by the referred handheld USB microscope (with a magnification 
factor of 20). For that purpose three cracks were selected in the pure bending zone of each slab, 
two close to the point of loads and one at the mid-span. For every picture taken with the microscope, 
three measurements were performed in order to obtain the average crack width, as depicted in 
Figure 2.8. Figure 2.8 also plots the evolution of the average crack width versus the applied 
force. Results show that, for a specific load level, strengthened specimens exhibited lower crack 
widths when compared to the reference specimens. The MA and the GA systems presented similar 
results that could be foreseen due to their identical response in terms of force-deflection (at 
serviceability level). Resembling results were obtained for the series GD and SB. 
  
  
  
  
Figure 2.8: Crack width monitoring: (a) handheld USB microscope, (b) typical photo of a crack 
(SB_MA_L50x1.2), (c) evolution on series GD; and (d) evolution on series SB. 
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2.3.3 Crack pattern 
The crack pattern was also evaluated at the end of each test. Figure 2.9 shows the crack pattern 
on the lateral surface of each tested slab and Figure 2.10 presents the values obtained in terms 
of average crack spacing. The results indicate that, in a general way, the crack spacing is reduced 
with the strengthening. This effect is more noticeable with the prestressed specimens: in series GD 
the average distance between cracks of the five prestressed slabs was reduced to 79% of the 
reference specimens (GD_REF_1 and GD_REF_2); whereas for the prestressed specimens on 
series SB, the crack spacing reduction was equal to 36% of the value obtained with SB_REF_3. 
Through the crack pattern drawn in Figure 2.9 one can observe that the number of cracks in the 
pure bending zone is higher on the prestressed specimens. 
 
Figure 2.9: Crack pattern at the end of the test of each slab. 
 
2.3.4 Influence of prestress 
The overall behaviour of the prestressed specimens was considerably more satisfying than the un-
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whereas the cracking load duplicated in series SB prestressed slabs. Similar observations can be 
made for the cracked stage (before yielding initiation). The load carrying capacity of prestressed 
slabs increased when compared with the unprestressed specimen. Results show that the ultimate 
carrying capacity growth was higher on series GD (in between 60% and 95%) than on series SB 
(within 30% and 53%). 
  
  
Figure 2.10: Crack spacing of each slab of: (a) series GD and (b) series SB. 
 
Ultimately, Figure 2.11 shows the evolution of the CFRP and concrete strains at mid-span with 
the total force. Results also show a higher ultimate strain in the concrete for the prestressed 
specimens. Consequently, it can be stated that prestressing the CFRP laminates not only improved 
the slabs overall performance but also assured a better use of the materials. It should be also 
referred that a greater portion of the CFRP tensile capacity was engaged with the prestress (see 
Figure 2.11 and Table 2.5): on series GD the strain at the ultimate load (𝐹𝑚𝑎𝑥) was at least 
124% higher than the observed on the slabs with the same CFRP laminate geometry; and on series 
SB an increase of 95% and 53% was obtained for the SB_MA_501.2 and SB_GA_501.2, 
respectively. 
2.3.5 Failure modes 
During the monotonic tests, the reference slabs (GD_REF_1, GD_REF_2, and SB_REF_3) were 
stopped at a midspan deflection of 100 mm due to the corresponding LDVT measurement range 
limitation. Failure mode would in this case most likely be concrete crushing on the top fibre. All 
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strengthened slabs exhibited CFRP strip debonding and the SB_MA_501.2 specimen (see Figure 
2.13a) failed by FRP rupture in unidirectional tension when the CFRP strain at the mid-span was 
close to 1.48 %, as it is showed on Table 2.5. 
  
  
  
  
Figure 2.11: Total force versus CFRP/concrete strain: (a) Mid-span CFRP strain in series GD; 
(b) Mid-span CFRP strain in series SB; (c) Mid-span concrete strain in series GD; (d) Mid-span concrete 
strain in series SB. 
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disregarded because no critical shear cracks were observed during the monotonic tests. Several 
approaches are available in the literature to predict the remaining failure modes [19]–[22]. In the 
present work, the debonding Mode 1 and Mode 2 included in the Italian design recommendations 
CNR [19] have been used : 
► End anchorage failure (Mode 1) 
The CNR [19] defines the ultimate design strength, 𝑓𝑓𝑑𝑑, in [MPa], as the maximum allowed 
strength before debonding of the laminate ends, and can be estimated using the following 
expression: 
𝑓𝑓𝑑𝑑 =
1
𝛾𝑓,𝑑
∙ √
2 ∙ 𝐸𝑓 ∙ Γ𝐹𝑑
𝑡𝑓
 (2.3) 
where 𝛾𝑓,𝑑  is the partial factor, assumed as 1.0 to obtain the expected ultimate design 
strength (dimensionless parameter); 𝐸𝑓 is the laminate strip’s elastic modulus, in [MPa]; 
𝑡𝑓 is the laminate strip’s thickness, in [mm]; and Γ𝐹𝑑 is the design fracture energy of the 
strip/concrete interface, in [N/mm], and is computed as follows [19]: 
Γ𝐹𝑑 =
𝑘𝑏 ∙ 𝑘𝐺
𝐹𝐶
∙ √𝑓𝑐𝑚 ∙ 𝑓𝑐𝑡𝑚  (2.4) 
where 𝑘𝐺 is an additional corrective factor, in [mm], that considers the bonding system 
(equal to 0.063 mm for pre-cured system); 𝐹𝐶 is a confidence factor (dimensionless 
parameter), also assumed as 1.0; f𝑐𝑚 and f𝑐𝑡𝑚 are the concrete compressive and tensile 
strength, in [MPa]; and 𝑘𝑏 is a geometrical corrective factor (dimensionless parameter). 
For values where the ratio between the laminate strip width (𝑏𝑓) and concrete width (𝑏) are 
smaller than 0.25 (𝑏𝑓/𝑏 < 0.25), the geometrical factor is equal to 1.18. In the remaining 
cases (𝑏𝑓/𝑏 ≥ 0.25), 𝑘𝑏 can be computed with the following equation:  
𝑘𝑏 = √
2 − 𝑏𝑓/𝑏
1 − 𝑏𝑓/𝑏
≥ 1 (2.5) 
The CNR [19] also defines the optimal bond length, 𝑙𝑒𝑑, in [mm], which is the minimum 
necessary length needed to reach the maximum anchorage resistance: 
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𝑙𝑒𝑑 =
1
𝛾𝑅,𝑑 ∙ 𝑓𝑏𝑑
∙ √
𝜋2 ∙ 𝐸𝑓 ∙ 𝑡𝑓 ∙ Γ𝐹𝑑
2
 (2.6)  
where 𝛾𝑅,𝑑 is a corrective factor equal to 1.25 and 𝑓𝑏𝑑 is the design bond strength between 
the FRP and concrete, in [MPa], equal to 2 ∙ Γ𝐹𝑑/𝑠𝑢, with 𝑠𝑢 = 0.25 mm. Note that the 
Italian guideline [19] says that for optimal bond lengths shorter than 200 mm, the value of 
200 mm should be used.  
 
► Intermediate strip debonding (Mode 2) 
The failure from intermediate debonding mechanism occurs when the stress variation in 
the FRP system between two subsequent flexural cracks exceed the bond limit. Typically, 
the bond limit depends on the distance between transverse cracks, the level of stress in 
the FRP laminate strip, and on the bond characteristics between the concrete and FRP. The 
CNR [19] defines a simplified procedure to compute the maximum strength in the FRP 
system at the onset of Mode 2 debonding:  
𝑓𝑓𝑑𝑑,2 =
𝑘𝑞
𝛾𝑓,𝑑
∙ √
𝐸𝑓
𝑡𝑓
∙
2 ∙ 𝑘𝑏 ∙ 𝑘𝐺,2
𝐹𝐶
∙ √𝑓𝑐𝑚 ∙ 𝑓𝑐𝑡𝑚  (2.7)  
being the 𝑘𝑞 a coefficient that considers the load distributions (1.25 for distributed loads 
and 1.0 for all other load configurations); and 𝑘𝐺,2 is a corrective factor calibrated on 
experimental results and equal to 0.10 mm irrespective of the type of reinforcement. 
Based on the abovementioned formulation, the expected level of stress in the CFRP at the onset of 
Mode 1 and Mode 2 debonding failure was computed and is presented in Table 2.4 (note that 
these values were computed without safety factors). Regarding the Mode 1, an average ultimate 
anchorage strength, 𝑓𝑓𝑑𝑑, of 510.60 MPa and an average optimal bond length, 𝑙𝑒𝑑, of 125.60 mm 
was estimated for specimens strengthened with the unstressed CFRP laminate (GD_EBR_501.2, 
GD_EBR_501.4, GD_EBR_801.2 and SB_EBR_501.2). Based on equation (2.7), the 
maximum strength in the FRP system, 𝑓𝑓𝑑𝑑,2, for these four EBR slabs was computed and, in 
average, is equal to 643.29 MPa. 
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Table 2.4 
Failure mode study. 
 GD_EBR_L50x1.4 GD_EBR_L50x1.2 GD_EBR_L80x1.2 SB_EBR_L50x1.2 
f𝑓𝑑𝑑  [MPa] 484.50 562.47 521.62 473.81 
Γ𝐹𝑑  [N/mm] 1.06 1.13 0.99 0.82 
𝑙𝑒𝑑  [mm] 125.47 117.08 123.92 135.93 
f𝑓𝑑𝑑,2 [MPa] 610.41 708.64 657.18 596.94 
Note: according to the CNR [19] an optimal bond length of 200 mm should be adopted.  
Using a cross-section (CS) analysis, it is possible to predict the ultimate load/moment distribution 
for which the slabs would fail by laminate strip debonding (Mode 1 or Mode 2). Figure 2.12 shows 
the results from the CS analysis, more precisely the bending moment diagram obtained: 
(i) experimentally at the maximum load (𝐹𝑚𝑎𝑥); (ii) for the end-debonding (Mode 1) using a CS 
analysis; and (iii) for the intermediate debonding (Mode 2), also using a CS. The stress-strain 
relation for non-linear structural analysis of the concrete defined in the Eurocode 2 [23] was 
adopted: 
𝜎𝑐 = 𝑓𝑐𝑚 ∙
1.05 ∙
𝐸𝑐𝑚 ∙ |𝜀𝑐1|
𝑓𝑐𝑚
∙ (
𝜀𝑐
𝜀𝑐1
) − (
𝜀𝑐
𝜀𝑐1
)2
1 + (1.05 ∙
𝐸𝑐𝑚 ∙ |𝜀𝑐1|
𝑓𝑐𝑚
− 2) ∙ (
𝜀𝑐
𝜀𝑐1
)
 (2.8) 
where 𝐸𝑐𝑚 is the elastic modulus of the concrete, in [MPa]; 𝑓𝑐𝑚 is the mean compressive strength, 
in [MPa]; 𝜀𝑐 is the strain in the concrete (dimensionless parameter); and 𝜀𝑐1 is the strain at the 
peak stress, computed according to the following expression (dimensionless parameter): 
𝜀𝑐1 = 7 ∙ 10
−4 ∙ 𝑓𝑐𝑚
0.31 ≤ 2.8 ∙ 10−3 (2.9)  
Based on the maximum strength in the CFRP system, 𝑓𝑓𝑑𝑑,2, the expected strain in the CFRP at 
the onset of intermediate debonding, 𝜀𝑓𝑑𝑑,2, was computed and, using the CS analysis, the 
expected bending moment in the mid-span section, 𝑀𝑓𝑑𝑑,2, was estimated. Then, the acting load, 
𝐹𝑓𝑑𝑑,2, needed to produce the 𝑀𝑓𝑑𝑑,2 moment was obtained.  
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Figure 2.12: Results from the cross-section analysis. 
 
For the end-debonding a similar procedure was carried out: firstly, the CFRP strain, 𝜀𝑓𝑑𝑑, for the 
ultimate anchorage strength (𝑓𝑓𝑑𝑑) was computed; with a CS analysis, the bending moment, 𝑀𝑓𝑑𝑑, 
was determined at end of the optimal bond length (𝑙𝑒𝑑); and, based on the latter value, the acting 
load, 𝐹𝑓𝑑𝑑, needed to produce the 𝑀𝑓𝑑𝑑 moment was obtained. Thus, Figure 2.12 presents the 
bending moment diagrams for maximum loads limited by Modes 1 and 2 and for the maximum 
load experimentally obtained. This figure also shows, for each case, the resisting bending moment 
of the slabs without the CFRP reinforcement (𝑀𝑅𝐸𝐹). Results clearly show that the intermediate 
debonding is the most probable type of failure. The load estimated with Mode 2 failure (𝐹𝑓𝑑𝑑,2) is 
similar to the maximum load registered experimentally, whereas the Mode 1 failure load is always 
higher (in between 2.3 and 3.3 times). Slab SB_EBR_501.2 shows the highest gap between the 
experimentally and the predicted (Mode 2) values. This difference might be related to the surface 
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preparation and strengthening procedure: in contrast with all other specimens, the surface of this 
specimen had a rough finish which was rectified with the epoxy adhesive used for strengthening. If 
an optimal bond length of 200 mm (design value according to the CNR) is considered, the Mode 1 
failure is expected for lower load levels (𝐹𝑓𝑑𝑑 equal to 71.70 kN, 67.97 kN, 100.41 kN and 78.12 
kN for specimens GD_EBR_501.2, GD_EBR_501.4, GD_EBR_801.2 and SB_EBR_501.2). 
However, these values are still far from the failure loads observed experimentally.  
An interfacial failure at the epoxy adhesive/CFRP laminate was observed at the anchorage zone of 
the MA and GA specimens (see Figure 2.13b, Figure 2.13c and Figure 2.13d). The remaining 
CFRP strip region seemed to simultaneously have an interfacial failure at epoxy adhesive/CFRP 
laminate and cohesive failure in the concrete. These interfacial failure modes observed may be 
justified by the higher compressive/tensile strength of the used concrete. In some of these 
specimens a layer of concrete was detached from the RC slab.  
The slabs GD_EBR_501.4, GD_EBR_501.2 and GD_EBR_801.2 seemed to have an 
interfacial failure between adhesive and the concrete (see Figure 2.13e), whereas 
SB_EBR_501.2 slab’s failure looked like an interfacial failure amongst the adhesive and the CFRP 
strip (see Figure 2.13f). 
Based on the previous analysis, the failure on the prestressed specimens was, most-likely, a 
consequence of the intermediate debonding. In slabs with the GA anchorage the debonding 
initiation was rapidly transformed into the complete debonding, whereas slabs with the MA 
anchorage endured the CFRP strip debonding and failed when the CFRP ends were pulled out from 
the anchorage. Moreover, a video (available at https://tinyurl.com/y85jgy7b) of the anchorage 
zone of the SB_MA_501.2 shows that the debonding started from the mid-span and propagated 
towards the CFRP strip ends. This video was recorded using a GoPro HERO4 action camera at 
120 fps with the resolution of 1280720 pixels. Figure 2.14 presents three video frames of the 
CFRP strip debonding. This figure shows the debonding crack evolves from the middle of the slab 
to the anchorage region (several details of the region where the crack is developed are presented 
in Figure 2.14. The limit of each detail is red when the crack is visible and blue when it is not). 
 
 CHAPTER 2     
      
 
75 
 
 
 
 
 
F
ig
u
re
 2
.1
3
: 
Ty
pi
ca
l f
ai
lu
re
 m
od
es
: (
a)
 F
R
P
 r
up
tu
re
 in
 u
ni
di
re
ct
io
na
l t
en
si
on
 (
SB
_M
A_
50

1.
2)
; (
b)
 in
te
rf
ac
ia
l f
ai
lu
re
 a
t t
he
 e
po
xy
 a
dh
es
iv
e/
C
FR
P
 
la
m
in
at
e 
(S
B
_G
A_
50

1.
2)
; (
c)
 d
et
ai
l a
t t
he
 a
nc
ho
ra
ge
 z
on
e 
(S
B
_
G
A_
50

1.
2)
; (
d)
 d
et
ai
l o
f t
he
 C
FR
P 
st
rip
’s
 e
xt
re
m
ity
 (S
B
_G
A_
50

1.
2)
; (
e)
 
in
te
rf
ac
ia
l f
ai
lu
re
 b
et
w
ee
n 
ad
he
si
ve
 a
nd
 th
e 
co
nc
re
te
 (
G
D
_E
B
R
_5
0

1.
4)
; (
f) 
in
te
rf
ac
ia
l f
ai
lu
re
 a
m
on
gs
t t
he
 a
dh
es
iv
e 
an
d 
th
e 
C
FR
P
 s
tr
ip
 
(S
B
_E
B
R
_5
0
1.
2)
. 
 
 
 
 
 
 
 
 
 
c f
b e
a d
      
PRELIMINARY STUDIES OF RC SLABS STRENGTHENED WITH PRESTRESSED CFRP STRIPS 
 
76 
 
 
Figure 2.14: CFRP laminate strip debonding in slab SB_MA_501.2. 
 
2.3.6 Anchorage systems 
Both GA and MA systems present a similar behaviour until steel yielding (see Figure 2.7). After 
this point, the CFRP material is responsible to carry the additional loads as a result of the 
diminished contribution of the internal steel reinforcement (it must be pointed out that the steel 
reinforcement exhibits a quite small hardening modulus of elasticity after yielding). Consequently, 
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the force increment supported by the CFRP laminate strip increased significantly at the onset of 
the yielding initiation, as shown in Figure 2.11a and Figure 2.11b. 
The mechanical anchorage system exhibits two drop points on the F-δ curves (see Figure 2.7) 
after the steel reinforcement yielding. This behaviour is related to the debonding initiation that 
occurred between the metallic plate anchors and the force application point. This statement is 
supported on the visual observation performed during and after the tests and by comparing e.g. 
the location of the drop points of the slab GD_MA_L501.4 with the failure slab GD_EBR_L501.4 
(in Figure 2.7a). From these two drop points, the CFRP laminate works unbonded to the substrate 
and as a cable fixed at both extremities (the metallic anchors). Consequently, the metallic anchors 
composing the MA system prevented a premature failure by debonding and allowed the slab to 
continue carrying load after that point. 
From the experimental observations, the MA system has a better performance when compared 
with the GA system: MA specimens presented higher ultimate load capacity (9% to 16% increase 
depending on the laminate geometry) and a greater use of CFRP tensile capacity (an increase on 
ultimate strain in between 13% and 28% was observed) when compared with the GA series. It might 
be important to refer that the debonding of the CFRP strip always occurred firstly on the MA series, 
but, as mentioned before, the metallic plate anchors allowed the composite system RC slab/CFRP 
to continue carrying load. Lastly, it is important to stress out the influence of the specimen 
dimensions: with a shorter span length, the total gradient zone occupies a larger relative portion of 
the complete laminate length. This leads to the situation where the end of the gradient anchorage 
is much closer to the loading point. The cracks that develop reach the anchorage zone much faster 
than for instance in case of a much slender beam with a higher span/depth ratio. Aram et al. [44] 
reported about static loading tests where EBR strengthened beams exhibited an even higher load 
carrying capacity than the corresponding ones with a prestressed system and gradient anchorage. 
It was concluded that the short span had a negative effect on the anchorage capacity due to too 
high shear stresses in the end zone of the laminate. Similar conclusions can be drawn for the 
present investigation: a more slender slab with a larger span length might implicate more similar 
results for an MA or a GA, as the free length between the anchorage zones increases 
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2.3.7 CFRP geometry 
Different CFRP geometries were considered in this preliminary study. The thickness influence was 
evaluated through a performance comparison between GD_MA_L501.4 and GD_MA_L501.2. 
As shown in Figure 2.7a both specimens presented an identical behaviour. The resemblance is 
due to the fact that both specimens failed by laminate end debonding at the metallic anchor. This 
type of failure is indeed governed by the maximum shear stress that this region can attain and, as 
a result, by the CFRP surface area in contact with the metallic anchor plate. For these two 
specimens the maximum shear stress resistance seemed to be influenced primarily by the width 
of the laminate. Remark that the laminate at the metallic anchor zone is transversely compressed 
due to the torque (150 Nm) applied in the six bolts (see Figure 2.3).This compression might 
actually diminish the strip thickness influence on the maximum carrying capacity of the composite 
system RC slab/CFRP strip. 
A better performance was observed with the wider laminate. The specimens GD_MA_L501.2 and 
GD_MA_L801.2 were compared and it was clear that the behaviour of the second was better: 
higher cracking and steel yielding forces, greater stiffness, and an increase on the ultimate carrying 
capacity by 23%. Analysing the effect of the axial stiffness of the CFRP laminate on the stiffness of 
the slab at fully cracked state (𝐾𝐼𝐼), it is clear that this relation matches well: the 𝐾𝐼𝐼 of specimen 
GD_MA_L801.2 is 1.57 times higher than the one of the GD_MA_L501.2 and the axial stiffness 
of 801.2 is 1.54 higher than the 501.2 one. This inference is no longer found for the case of the 
ultimate load, since the failure is governed by laminate end debonding at the metallic anchor and, 
consequently the ultimate carrying capacity only increased by about 23% (GD_MA_L801.2 versus 
GD_MA_L501.2). In fact, the maximum average shear stress in the CFRP laminate strip at the 
metallic anchorage zone was higher on the GD_MA_L501.2 (9.14 MPa) than on the 
GD_MA_L801.2 (7.40 MPa). This outcome implies that the shear stress is inconstant in the 
metallic anchor region and that, in the present experimental campaign, the MA anchorage system 
appears to be more efficient with laminates of smaller widths (the maximum average shear stress 
on MA slabs strengthened with a 50 mm wide laminate – 501.2 or 501.4 – varied in between 
9.14 MPa and 10.71 MPa). Note that equal metallic anchors were used (270 mm  200 mm) with 
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the same torque per bolt (150 Nm) and, as a result of the laminate width, different pressure levels 
were imposed (GD_MA_L501.2 – 20.83 MPa and GD_MA_L801.2 – 13.02 MPa). 
2.3.8 Surface treatment 
In the present experimental program the surface treatment was evaluated by comparing the 
specimens overall performance in series GD (grinded) and series SB (sand blasted). These two 
different surface treatment methodologies influence the surface roughness (see Table 2.3) and, 
consequently, the adherence between the epoxy adhesive and the concrete surface.  
When the specimens GD_MA_L501.2 and SB_MA_L501.2 are compared, a better performance 
of the series SB specimens can be observed: firstly, the SB_MA_L501.2 failed by FRP rupture at 
its maximum tensile capacity (ultimate strain near 1.48%); and the debonding initiation, showed in 
Figure 2.7h as two drop points in the third branch of each F- curves, started earlier on the 
specimen with a grinded surface at the load close to 46 kN, while a value of 56 kN was registered 
for the sand blasted slab. Both slabs performed similarly in terms of cracking and yielding initiation, 
as they also had resembling stiffnesses (𝐾𝐼 and 𝐾𝐼𝐼). 
The concrete plays a key role in the behaviour of each specimen in terms of ultimate carrying 
capacity, as well as in cracking and deflection development. For that reason, this comparison 
between series GD and series SB was made considering the improvement of the strengthening 
(relative to the reference specimens). SB_EBR_L501.2 indices that through sand blasting it was 
possible to obtain a better surface adherence. The ultimate force on this slab was 57% higher 
relative to the values registered on SB_REF_3. When the GD_EBR_L501.2 is compared with the 
GD_REF_1, an improvement of 19% on the ultimate carrying capacity is observed. Regardless of 
the thicker laminate strip, the GD_EBR_L501.4 improved the 𝐹𝑚𝑎𝑥 by 38% when compared with 
the GD_REF_1.  
Figure 2.13 shows the failure mode reported on both slabs. It is clear that the surface’s adherence 
was higher on series SB as the SB_EBR_L501.2 debonding was in the interface epoxy 
adhesive/CFRP laminate instead of in the interface epoxy adhesive/concrete (GD_EBR_L501.4). 
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2.4 Conclusion 
The main objective of these preliminary studies was to assess the service and ultimate behaviour 
of two different types of anchorage systems in the context of the use of prestressed CFRP laminates 
strips applied according to the EBR technique: the mechanical anchorage (MA) and the gradient 
anchorage (GA). The obtained results allow to draw a certain number of conclusions, namely: 
► In general it was observed that, at service level, the strengthening (prestressed and non-
prestressed) improved the slabs performance with lower deflections, crack width delay and 
lower crack spacing; 
► A similar response was observed in both anchorage techniques. Yet, the metallic anchors 
composing the MA system prevented a premature failure by debonding and allowed the slabs 
to support higher ultimate loads and deflections; 
► Eight of the nine strengthened specimens failed by strip debonding. Only the 
SB_MA_L501.2 failed by FRP rupture at its maximum tensile capacity. An analysis based 
on the available literature clearly implies that the debonding failure started from middle of 
the slabs (intermediate debonding) and then shifted to the extremities of the slabs; 
► A greater use of the CFRP laminate strip tensile capacity was attained when prestressing 
was applied to the CFRP laminates. The average ultimate strain on the CFRP laminate 
increased by 132% and 74% with prestressing in series GD and SB, respectively;   
► The CFRP laminate width had a considerable influence on the general behaviour of the 
strengthened elements. The slab GD_MA_L801.2 showed an increase on the ultimate 
carrying capacity of 23%, greater stiffness (54%) and higher cracking (26%) and steel yielding 
forces (31%) when compared with the GD_MA_L501.2. However, similar performance was 
observed for the strip with different thickness; 
► In all MA specimens the ends of the CFRP laminate were transversely compressed by the 
metallic anchors through the same torque applied in each bolt (150 Nm). As a result, wider 
laminates exhibit lower compression pressures (GD_MA_L501.2 – 20.83 MPa versus 
GD_MA_L801.2 – 13.02 MPa). Results showed that the shear stress in the CFRP at the 
metallic anchor region is inconstant, as it was possible to observe higher values on the 
GD_MA_L501.2 (9.14 MPa) than on the GD_MA_L801.2 (7.40 MPa). 
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► Concrete surfaces that have been sand blasted achieved a higher roughness and adherence 
than those grinded with a stone wheel. The performance improvement observed for each 
method of surface preparation fundaments this idea: series SB specimens (sand blasted) 
showed relative higher ultimate loads and they did fail with higher CFRP strains. 
Based on the obtained results a final geometry was adopted in the comprehensive experimental 
program developed to achieve the main objective of this thesis (additional details available in 
Chapter 3). All strengthened slabs showed a substantial increase in the load carrying capacity, but 
the slabs from series SB presented the most convenient traits. The ultimate load carrying capacity 
of the prestressed slabs from series SB, was twice the value observed on the unstrengthened 
specimen from the same series. For the abovementioned reasons, sand-blasting the concrete 
surface was used. Therefore, the configuration used on series SB was assumed for the main 
experimental campaign: CFRP laminate strip of 50  1.2 [mm], prestressed up to the strain of 
0.4% on a previously sand-blasted concrete surface.  
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3.1 Introduction 
Despite the recent research developments on the durability and long-term behaviour of prestressed 
RC elements with FRPs [1–4], the effects of environmental exposure conditions such as immersion 
in water, immersion in water with chlorides or wet/dry cycles with water, on RC elements 
strengthened with prestressed EBR CFRP laminates has not yet addressed by the scientific 
community.  
With the insights obtained from the preliminary studies, an experimental program was carried out 
with the main objective of contributing to the knowledge on durability and long-term behaviour of 
RC slabs strengthened with prestressed CFRP laminate strips according to the EBR technique. For 
that purpose, twenty strengthened RC specimens were submitted to the following environmental 
conditions for approximately 8 months: (i) reference environment – specimens kept in a climatic 
chamber at 20 ºC; (ii) water immersion in tank at 20 ºC of temperature; (iii) water immersion in 
tank with 3.5% of dissolved chlorides (NaCl) at 20 ºC of temperature; and (iv) wet/dry cycles in a 
tank with a water temperature of 20 ºC. Additionally, half of the specimens were subjected to 
sustained loading at a load level of 1/3 of the ultimate load, with the occurrence of cracking.  
This chapter details the work carried out. Firstly, the experimental program is introduced. Then, in 
Section 3.3, the results obtained from the monitoring program adopted since the strengthening 
phase (prestress application) are presented. The monitoring program included the register of the 
strains in the CFRP laminate, the temperature variation, and, for specimens subjected to the creep 
loading, the mid-span vertical deflection. Based on these results, an analysis on the prestress losses 
and on the creep behaviour is presented. After the exposure period the slabs were monotonically 
tested up to failure by using a four-point bending test configuration. The observed performance of 
the tested RC slabs allowed several conclusions regarding the durability and overall performance 
of both anchorage systems. Section 3.4 presents the results, discussion and main conclusion of 
the monotonic tests.  
      
DURABILITY AND LONG-TERM BEHAVIOR OF RC SLABS STRENGTHENED WITH PRESTRESSED CFRP 
STRIPS UNDER DIFFERENT ENVIRONMENTAL AND LOADING CONDITIONS 
  
88 
 
3.2 Experimental programme 
The experimental programme included twenty reinforced concrete (RC) slabs as presented in Table 
3.1: (i) four control specimens (series T0); (ii) eight slabs subjected to distinct environmental 
conditions (labelled with the suffix _U); and, (iii) eight slabs subjected to the combined effect of 
environmental and loading conditions (labelled with the suffix _C). Loading and the exposure to 
different environmental conditions lasted for approximately eight months. Four distinct 
environmental conditions were considered: (i) specimens subjected to laboratory premises with a 
controlled temperature of 20 ºC and relative humidity of 55% (series REF and T0); (ii) specimens 
immersed in tap water at 20 ºC (series TW); (iii) specimens immersed in water at 20 ºC with 3.5% 
of chlorides (series CW); and, (iv) specimens subjected to wet/dry cycles in tap water at 20 ºC 
(series WD). Each cycle used for series WD lasted one week, on which the slabs were fully immersed 
on tap water for 3 days and, during the remaining four days, they were subjected to laboratory 
premises (20 ºC). As it is shown in Table 3.1, all specimens are labelled with a generic 
denomination: X_Y_Z, where X indicates the specimens series (T0, REF, TW, CW, and WD), Y 
indicates the type of anchorage (MA or GA) and Z indicates the cracking state when the specimens 
are first exposed to the environmental conditions (U for uncracked and C for cracked).  
The four control specimens from series T0, are the same four slabs from series SB presented in 
Chapter 2: one unstrengthened RC slab (T0_REF, labelled as SB_REF_3 in Chapter 2); a second 
slab strengthened with a simple CFRP laminate strip according to the EBR technique without 
prestressing (T0_EBR, labelled as SB_EBR_L501.2 in Chapter 2); a third slab strengthened with 
one externally bonded prestressed CFRP laminate strip with the MA system (T0_MA, labelled as 
SB_MA_L501.2 in Chapter 2); and a forth slab strengthened with one externally bonded 
prestressed CFRP laminate strip with the GA system (T0_GA, labelled as SB_GA_L501.2 in 
Chapter 2). 
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Table 3.1 
Experimental programme. 
Specimen Environmental 
Conditions/Observations 
Anchorage 
System 
Initial 
Strain [%] 
Prestress 
Force [kN] 
Sustained 
Load 
Series T0      
T0_REF Specimens tested at the beginning of the 
experimental program. 
-- -- -- -- 
T0_EBR -- 0.00 0.00 -- 
T0_MA MA 0.42 41.6 -- 
T0_GA GA 0.40 39.6 -- 
Series REF      
REF_MA_U Specimens subjected to laboratory 
premises: 20 ºC and 55% of RH for a 
period of 8 months. 
MA 0.41 40.6 NO 
REF_GA_U GA 0.41 40.6 NO 
REF_MA_C MA 0.37 36.6 YES 
REF_GA_C GA 0.41 40.6 YES 
Series TW      
TW_MA_U Specimens immersed in tap water at 
20 ºC for a period of 8 months. 
MA 0.40 39.6 NO 
TW_GA_U GA 0.41 40.6 NO 
TW_MA_C MA 0.41 40.6 YES 
TW_GA_C GA 0.41 40.6 YES 
Series CW      
CW_MA_U Specimens immersed in tap water at 
20 ºC with 3.5% of chlorides for a period 
of 8 months. 
MA 0.40 39.6 NO 
CW_GA_U GA 0.41 40.6 NO 
CW_MA_C MA 0.41 40.6 YES 
CW_GA_C GA 0.40 39.6 YES 
Series WD      
WD_MA_U Specimens subjected to wet/dry cycles 
in tap water at 20 ºC for a period of 8 
months. 
MA 0.40 39.6 NO 
WD_GA_U GA 0.40 39.6 NO 
WD_MA_C MA 0.42 41.6 YES 
WD_GA_C GA 0.42 41.6 YES 
Notes: GA = Gradient Anchorage; MA = Mechanical Anchorage. 
3.2.1 Specimens and test configuration 
All specimens have the same geometry and longitudinal inner reinforcement as the specimens 
described in Chapter 2 (see Figure 3.1). Strengthening was performed by using 2200 mm long 
CFRP laminate strips with a rectangular cross-section of 1.2 mm by 50 mm. In all slabs, prior to 
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the strengthening the surface of the concrete substrate was sand-blasted to enhance the bond 
between materials. The strengthening procedures followed the procedure described in Section 2.3 
of Chapter 2. 
The prestress level was controlled by strain gauges previously placed at the mid-span of the CFRP 
laminate strip. The average prestrain imposed was approximately 0.4%. Table 3.1 shows the 
values of the registered prestrain and prestress force at the middle of the CFRP laminate for all 
specimens at the end of the strengthening procedure. The strain in the CFRP laminate was 
continuously registered for the following weeks and a deeper analysis on the short-term prestress 
losses is given in Section 3.3.1. 
 
Figure 3.1: Specimens geometry: (a) longitudinal and (b) transverse view. Note: All units are in 
millimetres. 
A schematic schedule representing the main tasks performed during this work is shown in Figure 
3.2. Approximately six months after the strengthening, the slabs were exposed to the different 
studied environmental conditions. Initially, the prototypes were placed in the empty water tanks 
(see Figure 3.3a, Figure 3.3b, and Figure 3.3c), or inside a climatic chamber in the case of 
the slabs REF (see Figure 3.3b and Figure 3.3h). In each tank, or climatic chamber, four slabs 
were placed: two slabs (one MA and one GA) to be subjected to the corresponding environmental 
condition and two others (one MA and one GA) to be subjected to the combined effect of the 
environmental condition and the sustained loading. Several granite blocks (weight from 0.8 kN to 
4.6 kN) were used to achieve the predefined load (20 kN, see Figure 3.3e). While the weights 
were being laid (see Figure 3.3f), a continuous observation of the slab’s bottom surface was 
carried out. Crack initiation was observed in all “_C” specimens for an average mid-span vertical 
displacement of 1.7 mm and a load of approximately 17 kN. These values of cracking load and 
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corresponding mid-span displacement were in agreement with the results obtained in the 
monotonic tests of the slabs of series T0 (see Section 3.4). 
 
 
Figure 3.2: Timeframe of developed work. 
As shown in Figure 3.2, the environmental conditions were imposed approximately one month 
after loading and lasted for 8 months. During this period, the slabs creep behaviour was monitored 
in terms of mid-span deformation and CFRP laminate strain variation. Figure 3.4 illustrates the 
creep test configuration and the instrumentation. The creep loading was applied according to a 
four-point bending test, identical to monotonic test set-up (see Chapter 2, section 2.2.1). In order 
to measure the mid-span vertical deflection two distinct devices were used: (i) one LVDT with the 
range of ±75 mm and linearity of ±0.10%; and (ii) one mechanical dial with the measuring span of 
40 mm and graduation value of 0.01 mm. The instrumentation also included two optical fibre strain 
sensors (OFSS1 and OFSS2) that continually measured the strain evolution in the CFRP laminate 
strip (see Figure 3.4). The optical fibre sensors (HBM FiberSensing® FS6200) are Fibre Bragg 
Grating (FBG) based sensors with a gauge length of 92 mm (measuring range of ±2500 𝜇𝜀 and a 
resolution equal to 1 𝜇𝜀). 
The slabs subjected only to the environmental conditions (suffix “_U”, bottom slab on Figure 3.4) 
were also monitored in terms of CFRP strains. For that purpose, two optical fibre strains sensors 
(OFSS1 and OFSS2) were fixed at the mid-span and at the load application point. All OFSS have 
identical technical characteristics.  
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Figure 3.3: Prototypes: (a) in Tank 1 (tap water); (b) in Tank 2 (water with chlorides) and REF slabs 
(before the pre-fabricated climatic chamber was installed); (c) in Tank 3 (wet/dry cycles); (d) data 
acquisition system; (e) creep load; (f) loading the specimens; (g) specimen loaded; (h) Installed pre-
fabricated climatic chamber (REF slabs); (i) in Tank 2 (water with chlorides, during creep test). 
Due to a technical problem that occurred on the air-conditioning system of the climatic chamber 
where the REF specimens were placed, the specimen REF_GA_C was disregarded. Finally, the 
specimens were removed from the exposure environments and the sustained loads were removed. 
After a resting period of one month, the slabs were tested up to failure, using the same four-point 
configuration. The test set-up and instrumentation used for the monotonic tests can be found in 
Section 2.2.1 of Chapter 2. Additional strain gauges (TML BFLA-5-3) were placed on the CFRP 
laminate, near the anchorage zone: on the MA slabs, one strain gage was fixed 30 mm away from 
the each anchorage plate (SG1 and SG4); whereas on the GA slab, one strain gauge was fixed 
630 mm away from the extremities of the CFRP laminate (SG1 and SG4) and another strain gauge 
a b c
d e f
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was placed at the middle of the anchorage zones (SG1’ and SG4’). All strengthened slabs uses two 
strain gauges to monitor the strain variation on the laminate at mid-span (SG2) and under the 
applied load point (SG3). The concrete strain was assessed with a strain gauge (SG5) placed at 
mid-span on the top surface, and the steel reinforcement strain by means of another strain gauge 
(SG6) fixed in the tensile rebar positioned in the middle of the cross-section, at mid-span. 
 
 
Figure 3.4: Specimens geometry. Note: All units are in millimetres. 
To document the evolution of the processes that lead to the degradation of the strengthening effect 
provided by the CFRP laminate, the bottom surface of the specimens at which the laminates were 
inserted was analysed using a Digital Image Correlation procedure [5]. The lens used had an 
aperture of f11 and the focal length was 36 mm. Led lights were used to illuminate the surface of 
the specimen. The camera sensor was a full frame size, with 36 Mpix. Considering that the priority 
was to trace the initiation and propagation of the cracks at the tensioned face of the specimens 
during testing, the principal tensile strain fields were mapped using a fine facet mesh. 
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3.2.2 Materials 
Material characterization included the evaluation of the mechanical properties of the materials 
involved in this experimental program, namely: concrete, steel, CFRP laminate strip and epoxy 
adhesive. The ready-mixed concrete (grade of C30/37) was produced based on the proportions of 
mixing components by weight of 1: 2.95: 2.93: 0.02: 0.56 (cement: fine aggregate: coarse 
aggregate: superplasticizer: water). Aggregates were composed of crushed granite with a maximum 
size of 12.5 mm and Portland cement type CEM II/A-L 42,5R was used. A single concrete batch 
of 7.0 m3 was prepared to cast all slabs and testing samples. For characterizing the mechanical 
properties of the concrete, six cylindrical specimens with 300 mm of height and 150 mm of 
diameter were used for each series. The modulus of elasticity and the compressive strength were 
evaluated 28 days after casting following the LNEC E397 1993:1993 [6] and NP EN 12390-3:2011 
[7] recommendations, respectively. Additionally, the modulus of elasticity and the compressive 
strength were also characterized at the time when the static tests of the slabs up to failure occurred 
(see Table 3.2). Results show the evolution of the modulus of elasticity (𝐸𝑐) and the compressive 
strength (𝑓𝑐) for specimens in contact with water (series TW, CW and WD), which is related to the 
process of hydration of the cement [8]. When comparing the concrete specimens fully immersed 
in water (series TW) with the reference series (T0), an additional increase of 20% and 35% of the 
𝐸𝑐 and 𝑓𝑐, respectively, were observed. 
In order to determine the tensile properties of steel reinforcement, four samples of each bar type 
were used. Tensile tests were carried out according to NP EN ISO 6892-1:2012 [9] 
recommendations and the results in terms of mean values for the modulus of elasticity (𝐸𝑠), as 
well as yield (𝑓𝑦) and ultimate (𝑓𝑢) tensile strengths are presented in Table 3.2. 
The pultruded CFRP laminate strips (Type: S&P Laminates CFK) were used in the experimental 
work [10]. Tensile properties were assessed using six samples and the experimental procedure 
followed was the one described by ISO 527-5:1997 [11]. A Young’s modulus (𝐸𝑓) of 168 GPa and 
an ultimate strength (𝑓𝑓) of 2944 MPa were obtained (see Table 3.2). 
The two-component epoxy adhesive (Type: S&P Resin 220) used to bond the CFRP laminate to the 
concrete surface is solvent free, thixotropic and grey. Previous studies have shown that, after 7 days 
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of curing at 21 ºC, a modulus elasticity of 8.7 GPa (CoV=6.0%) and a tensile strength of 20.7 MPa 
(CoV=11.0%) are obtained [12]. 
 
Table 3.2 
Material characterization (average values). 
Material Series Modulus of 
elasticity 
[GPa] 
Compressive 
strength 
[MPa] 
Tensile 
strength 
[MPa] 
Yield 
strength 
[MPa] 
Ultimate 
strength 
[MPa] 
Concrete       
Age: 28 days(a) T0 27.8 (2.9%) 37.3 (1.9%) -- -- -- 
Age: 209 days(b) T0 30.0 (-) 40.2 (0.7%) -- -- -- 
Age: 570 days(b) REF 27.0 (2.4%) 39.5 (5.3%) -- -- -- 
Age: 570 days(b) TW 33.4 (1.3%) 50.2 (1.3%) -- -- -- 
Age: 570 days(b) CW 33.9 (1.1%) 45.9 (8.0%) -- -- -- 
Age: 570 days(b) WD 32.2 (5.1%) 48.6 (2.1%) -- -- -- 
Steel       
Bar type: Ø6 -- 206.9 (0.4%) -- -- 519.4 (6.1%) 670.2 (5.1%) 
Bar type: Ø8 -- 235.1 (4.6%) -- -- 595.9 (4.1%) 699.0 (2.1%) 
CFRP       
501.2 [mm] -- 167.7 (2.9%) -- 2943.5 (1.6%) -- -- 
Notes: (a) Tests at 28 days; (b) Tests at the age of the monotonic tests of the slabs; the values between parentheses 
are the corresponding coefficients of variation (CoV). 
3.3 Prestress losses and creep behaviour 
This section presents the results obtained from the monitoring program adopted since the 
strengthening phase (prestress application) until the monotonic test up to failure. The strains in the 
CFRP laminate were measured immediately after the first hour of strengthening to evaluate the 
instantaneous prestress losses. Then, before the start of the environmental exposure or the creep 
loading, all slabs were monitored in terms of different parameters. The CFRP strain evolution, mid-
span vertical displacement and temperature variation are presented below and discussed. 
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3.3.1 Short-term prestress losses 
As mentioned earlier, the strains in the CFRP laminate were monitored by using strain gauges and 
optical fibre sensors, as depicted in Figure 3.5. During the prestress application, a single optical 
fibre sensor was placed at the mid-span of the strengthened slab; whereas four strain gauges were 
installed in three strategic positions of the CFRP strip: (i) one in each end anchorage side, more 
precisely, 80 mm apart the steel plate (for the MA slabs) or 40 mm after the end of each gradient 
anchorage; (ii) one fixed at the middle of the specimens; and (iii) one strain gauge placed 300 mm 
from the mid-span, where a load point would be applied during the creep and monotonic tests up 
to the failure. In some specimens the monitoring of the mid-span deflection was conducted using 
a Mechanical Dial (see Figure 3.5b). The Fibre Bragg Grating datalogger (see Figure 3.5a) used 
to measure the mid-span strain with OFSS was set with a record frequency of 0.1 Hz, whereas the 
frequency of acquisition for the remaining strain gauges was kept at 1 Hz (see Figure 3.5d).  
  
  
  
  
Figure 3.5: (a) Data acquisition system of optical fibre strain sensors (OFSS); (b) mid-span deflection 
and CFRP strain measurements during prestress application of the MA_T0; (c) typical sensors distribution 
on the CFRP laminate; (d) Data acquisition system of strain gauge (SG) sensors. 
 
 
Figure 3.6 shows the typical CFRP strain evolution, at the mid-span and at near the anchorage, 
after the prestress application for the case of the MA and GA systems. In general, the prestress 
a b
c d
  CHAPTER 3    
      
 
97 
 
losses, presented in Table 3.3, are very low (at about 0.01% of strain – absolute value – and 
maximum variation of 3.6% – relative value) for both anchorage systems. 
In the case of the present test specimens, the instantaneous losses are solely dependent on the 
prestressing systems because the friction between the materials (CFRP laminate and concrete) 
does not exist and the instantaneous elastic deformation of the concrete are inevitably compensated 
with the prestress application system. In some cases, at prestressing application stage, a difference 
between the strain at the mid-span and the strain near the anchorages was observed. The 
maximum difference between both regions was equal to 0.013% and was observed on slabs 
TW_MA_C and REF_GA_U. As can be observed in Figure 3.6, in some specimens, the highest 
value was registered in the mid-span section, whereas in others the greatest value was observed 
near the anchorage. Due to its relatively small value, this difference (misalignment of the strain 
gauges might be the reason) can be overlooked. 
For the case of slabs strengthened with the MA system, short-term prestress losses can be 
attributed to the process of applying the fixing screws between the aluminium frame and the clamp 
units (see Figure 3.6a and Figure 3.6c), typically at about 10 minutes after the application of 
the prestress. It should be pointed that these spacers are used to block the prestressing system 
and, consequently, avoid prestress losses during the curing of the epoxy. Once installed, these 
fixing screws perform as expected and no CFRP strain losses were identified. Figure 3.6 presents 
the strain variation during the prestress application on slabs MA_REF_U (Figure 3.6a) and 
MA_REF_C (Figure 3.6c). As can be observed, shortly after reaching the predefined CFRP strain 
(0.4% - absolute value), a variation of 3.3% and 3.6% of the initial prestrain (relative value) is 
observed for specimens MA_REF_U and MA_REF_C, respectively (which, in average, represents a 
variation of 1.2 kN of the prestress load).  
The gradient anchorage system uses the adhesive’s ability to cure fast at high temperatures and 
hence to create a non-mechanical anchorage. In this experimental campaign the anchorages, as 
previously referred, were divided into three sectors and, as a consequence of its step-wise releasing 
of the prestress force, a strain loss was observed. This event occurred after the releasing of the 
first 1/3 of the prestress force in the first sector. In average the instantaneous prestress losses 
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variation on slabs with the gradient anchorage were equal to 2.1% of the initial prestrain (0.8 kN). 
As can be seen in Figure 3.6, with the gradient anchorage the prestress losses occur after 50 
minutes, when 1/3 of the prestress force is released. 
  
  
  
  
Figure 3.6: Typical evolution of CFRP strain after prestressing: (a) REF_MA_U; (b) REF_GA_U; (c) 
REF_MA_C; (d) REF_GA_C. 
The refereed short-term prestress losses can be overlooked because they represent approximately 
1 kN of prestress force loss. These results show that the gradient anchorage system has lower 
instantaneous losses than the mechanical anchorage system. However, with the mechanical 
anchorage it is possible to compensate the initial prestress loss: as the load is transferred from the 
hydraulic jack to the fixing screws (and prestrain losses start to occur), the hydraulic cylinder can 
be jacked to compensate the prestress losses because the epoxy adhesive is still fresh.  
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During the application of prestress, the mid-span displacement was recorded using a mechanical 
dial on two slabs with the MA anchorage system. For the applied CFRP prestrain level (0.40%), a 
mid-span displacement of 0.62 mm was registered. The camber mid-span displacement observed 
experimentally is in agreement with the numerical and analytical predictions (see Chapter 5). 
Additionally, it should be referred that this action did not cause any crack since materials remain 
in their linear elastic stage. 
3.3.2 Long-term prestress losses 
The CFRP strain at mid-span of each slab was monitored using an optical fibre strain sensor since 
the prestress application until the monotonic test up to failure. Figure 3.7 shows the mid-span 
CFRP strain variation for all slabs subjected solely to the four environmental conditions (without 
creep loading). It should be noted that, in all prestressed slabs, the mid-span CFRP strain at the 
onset of the creep loading (t=0 h in Figure 3.7) is close to 0.4%; but, for the purpose of a clear 
analysis of the long-term CFRP strain evolution, the absolute value of the CFRP strain variation, ∆𝜀𝑓, 
is presented (∆𝜀𝑓=0 when t=0, in Figure 3.7). The green line presented in Figure 3.7a, Figure 
3.7b, Figure 3.7c, and Figure 3.7d show the difference of mid-span strain variation between 
both slabs (∆𝜀𝑀𝐴_𝑈 − ∆𝜀𝐺𝐴_𝑈) of series REF, TW, CW and WD, respectively. As can be seen, the 
strain was significantly influenced by the type of environmental condition and temperature.  
Both specimens kept in a laboratory environment (series REF, see Figure 3.7a) show small CFRP 
strain variation during the eight months test period. As expected, when the temperature increases, 
the CFRP strain also increases (this effect can be explained with the thermal expansion of slabs, 
including the composing materials). By subtracting the mid-span strain variation of slab REF_GA_U 
from the mid-span strain variation of the slab REF_MA_U (green line in Figure 3.7a) it is clear that 
the temperature produced similar effect on both specimens. As referred before, a technical problem 
occurred on the air-conditioning system of the climatic chamber and the temperature reached over 
40 ºC (marked as (TP) in Figure 3.7a). As expected, the CFRP strain in both specimens increased, 
but returned back to the previous strain value once the problem was solved.  
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Figure 3.7: Evolution of the mid-span CFRP strain of the slabs (without creep loading) from: (a) series 
REF; (b) series TW; (c) series CW; and (d) series WD. 
The immersion in tap water (series TW, see Figure 3.7b) and immersion in water with 3.5% of 
chlorides (series CW, see Figure 3.7c) produced an increase on the mid-span CFRP strain of 
approximately 0.02% (absolute value, marked as (E2) in Figure 3.7). A volumetric expansion 
mainly due to the concrete water absorption might be the reason for such behaviour. The behaviour 
was previously observed in other experimental research works [13]. The slabs from series WD (see 
Figure 3.7d) also show higher mid-span CFRP strain variation (same values as series TW and 
CW) than both REF slabs. Contrary to series TW and CW, where the CFRP strain increase can be 
considered as instantaneous (duration of two days), in series WD the mid-span CFRP strain 
increased gradually during the first two months of wet-dry cycles. It should be highlighted that when 
the slabs were submitted to their water-based environments (TW, CW and WD) the water and the 
slabs were at the same temperature. 
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The CW_GA_U shows a decrease in the mid-span CFRP strain variation since the 3000 hours (see 
Figure 3.7c). It should be mentioned that during the monitoring tests, this specimen presented 
the highest ultimate load and highest ultimate deflection from all GA slabs. Based on the aforesaid 
information, the most probable explanation for this CFRP strain decrease might be an acquisition 
system malfunction. 
Note that the time when the slabs start to be submitted to the environmental conditions are marked 
in Figure 3.7 with the label “(E2)”, whereas the label “(E3)” is used to highlight the end of the 
environmental exposure. At last, it should be highlighted that, regardless of the anchorage systems, 
small CFRP strain variations were observed. As it is shown in Figure 3.7 the differences between 
both anchorage systems can be neglected.  
3.3.3 Creep behaviour 
The evolution of the displacement at mid-span along time of the eight slabs subjected to the creep 
load of 20 kN is presented in Figure 3.8. The creep load was based on the results obtained from 
the monotonic test of the slabs from series T0, carried out at the onset of the experimental program. 
This value corresponds to 1/3 of the slabs ultimate capacity. This load also yields to a compressive 
stress in concrete at about 1/3 of its ultimate strength at the time of the loading. As referred before, 
the evolution of displacement at mid-span over the time was measured with a redundant system 
composed of a LVDT and a mechanical dial gage within a period of 7000 hours. A good agreement 
between the readings from the mechanical dial gauge and from the LVDT for each slab was 
observed, increasing the reliability of the obtained results since no torsional deformation would be 
expected. In two specimens, TW_MA_C and CW_GA_C, the mechanical dial was damaged after a 
few months of use due to corrosion caused by the water-based environments and, for that reason, 
these slabs do not present measurements with the mechanical dial gage until the end of the creep 
tests. Figure 3.8 also presents the temperature variation in each environment and four events: 
(E1), the initiation of the creep test (loading of the specimens with the gravity load of 20 kN); 
(E2), the moment when the slabs were submitted to the environmental conditions; (E3) , the time 
when the environmental exposure was ended, and the slabs were kept at in laboratory premises; 
and, (E4), the time when the slabs were unloaded. 
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Figure 3.8: Evolution of the mid-span displacement by a LVDT and mechanical dial gage of the slabs 
from: (a) series REF; (b) series TW; (c) series CW; and (d) series WD. 
The instantaneous vertical displacements measured after the application of the gravity loading 
(𝛿𝑐,𝑒𝑙𝑎), the displacements measured before unloading (𝛿𝑐,𝑢𝑙𝑡) and after unloading (𝛿𝑐,𝑟𝑒𝑐) are 
presented in Table 3.3. The specimens composing series REF presented identical mid-span 
displacement variation overtime (see Figure 3.8a). An initial elastic deformation (𝛿𝑐,𝑒𝑙𝑎) of 4.8 
mm and 4.7 mm was observed for the MA and GA specimens, respectively. It should be noted that 
this level of elastic deformation is expected and is in agreement with the monotonic tests up to 
failure (see Section 3.4). In both slabs the typical primary and secondary creep stages were 
observed. As stated above, the GA strengthening failed after five months due to a technical problem 
that occurred in the air-conditioning system of the climatic chamber. Yet, the results obtained during 
these first five months indicate the behaviour of the GA slab could be identical to the one observed 
on the MA.  
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Table 3.3 
Prestress losses and creep results. 
Specimen Initial 
Strain 
[%] 
Prestress Losses Creep parameters 
 ∆𝜀?̅?,𝑖 ∆𝐹𝑝,𝑖 𝛿𝑐,𝑒𝑙𝑎 ∆𝛿𝑐,𝑒𝑛𝑣  𝛿𝑐,𝑢𝑙𝑡 𝛿𝑐,𝑟𝑒𝑐 𝜑𝑢𝑙𝑡  𝜑𝑡∞ 
 [-] [kN] [mm] [mm] [mm] [mm] [-] [-] 
Series T0          
 T0_REF -- -- -- -- -- -- -- -- -- 
  T0_EBR 0.00 -- -- -- -- -- -- -- -- 
  T0_MA 0.42 2.2% 0.9 -- -- -- -- -- -- 
  T0_GA 0.40 1.9% 0.8 -- -- -- -- -- -- 
Series REF          
  REF_MA_U 0.40 3.3% 1.3 -- -- -- -- -- -- 
  REF_GA_U 0.41 2.6% 1.1 -- -- -- -- -- -- 
  REF_MA_C 0.42 3.6% 1.5 4.8 -- 11.2 5.1 1.3 1.5 
  REF_GA_C 0.41 2.7% 1.1 4.7 -- 10.9(a) --(a) 1.3(a) 1.5(a) 
Series TW          
  TW_MA_U 0.40 1.8% 0.7 -- -- -- -- -- -- 
  TW_GA_U 0.41 2.4% 1.0 -- -- -- -- -- -- 
  TW_MA_C 0.41 3.1% 1.3 4.8 0.6 9.4 6.4 1.0 1.1 
  TW_GA_C 0.41 1.3% 0.5 3.9 0.7 9.2 6.4 1.4 1.5 
Series CW          
  CW_MA_U 0.40 1.7% 0.7 -- -- -- -- -- -- 
  CW_GA_U 0.41 2.0% 0.8 -- -- -- -- -- -- 
  CW_MA_C 0.41 3.1% 1.3 4.0 1.0 8.6 5.5 1.1 1.2 
  CW_GA_C 0.40 2.4% 1.0 4.3 0.8 9.3 6.1 1.2 1.3 
Series WD          
  WD_MA_U 0.40 3.7% 1.5 -- -- -- -- -- -- 
  WD_GA_U 0.40 1.2% 0.5 -- -- -- -- -- -- 
  WD_MA_C 0.42 3.2% 1.3 4.1 -- 9.8 6.9 1.4 1.5 
  WD_GA_C 0.42 2.1% 0.9 4.3 -- 10.7 7.7 1.5 1.7 
Notes: (a) This specimen was disregarded due to a malfunction in the air-conditioning system;  
 ∆𝜀?̅?,𝑖 represents the relative strain variation due to short-term prestress loss; ∆𝐹𝑝,𝑖 corresponds to absolute value of 
the short-term prestress loss; 𝛿𝑐,𝑒𝑙𝑎 is the instantaneous mid-span vertical displacement due to the gravity load ; 
∆𝛿𝑐,𝑒𝑛𝑣 is the instantaneous mid-span vertical displacement due to the environmental action; 𝛿𝑐,𝑢𝑙𝑡 is the mid-span 
vertical displacement before unloading; 𝛿𝑐,𝑟𝑒𝑐  is the final mid-span vertical displacement (after unloading); 𝜑𝑢𝑙𝑡  is 
the creep coefficient based on the period of loading; and 𝜑𝑡∞ is the long-term creep coefficient. 
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Specimens immersed in tap water (TW) and immersed in water with 3.5% of chlorides (CW) 
presented an initial (elastic) average deformation of 4.30 mm as a structural response to the gravity 
loading. Likewise, this level of elastic deformation is expected and is in agreement with the 
monotonic tests up to failure (see Section 3.4). An abrupt displacement growth was registered 
when the specimens were immersed (see Figure 3.8b and Figure 3.8c). The existence of cracks 
in the bottom face of the slabs causes differential water absorption, and consequently differential 
volumetric variation, yielding to this steepest displacement growth. This behaviour had been also 
registered in other experimental programs with similar environmental and loading conditions, e.g. 
[13]. The self-weight of each slab (4.68 kN) was partially opposed by the water uplift, which is equal 
to 1.84 kN. The water uplift effect was not noticed in any specimen. The mid-span vertical 
displacement growth in the following 10 days after the environmental exposure (∆𝛿𝑐,𝑒𝑛𝑣) was, in 
average, equal to 0.8 mm (approximately 20% of the elastic deformation, 𝛿𝑐,𝑒𝑙𝑎). In general, the 
mid-span vertical displacement observed on these four slabs had an identical decreasing growth 
overtime. The slabs subjected to wet-dry cycles do not have a noticeable increase due to the lower 
contact with water as did the specimens from series TW and CW. When compared with the full 
immersion on water, the wet-dry cycles produced higher mid-span vertical displacements during 
the creep loading. These two specimens (series WD) were subjected to a higher temperature 
oscillation during the creep test period, and that factor might be the reason for the greater vertical 
mid-span displacements. Additionally, the water absorption by the concrete (porous material) in 
between 4.6% and 5.7% (0.21 kN to 0.26 kN) of its own weight was expected [14,15].  
Figure 3.9  and Figure 3.10 shows the mid-span vertical displacement evolution after the creep 
loading, 𝛿𝑐,𝐶𝑅𝐸𝐸𝑃. For an easier analysis, slabs with the same anchorage system were grouped 
into a single plot (Figure 3.9a for MA system and Figure 3.9b for GA system). Regardless of the 
anchorage system, the vertical displacement evolution after the elastic deformation is consistent 
with the environmental condition: the highest mid-span vertical displacement values are observed 
for the environments REF and WD, whereas the smallest mid-span vertical displacement values are 
observed in specimens immersed in water with 3.5% of chlorides (CW).  
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Figure 3.9: Evolution of the mid-span displacement due to creep on slabs with: (a) mechanical 
anchorage; and (b) gradient anchorage 
As referred before, the mechanical properties of the concrete had a different evolution with every 
environmental condition. In the environmental condition TW and CW the strength and elastic 
modulus of the concrete was 22% and 25% higher than the concrete kept in the REF environment, 
at the end of the creep tests.  In contrast, the immersion on water had a negative effect on 
mechanical properties of the epoxy adhesive [16]. As the adhesive absorbs water, it plasticizes and, 
therefore, there is an expansion of its volume and a reduction on its stiffness, tensile strength and 
glass transition temperature [17–19]. As explained by Jones [19], in aqueous environments the 
crosslinked resins (such as the used epoxy adhesive) are effective semi-permeable membranes. 
The large polar ions and molecules in the epoxy adhesive might act as osmotic centres and, in 
consequence, provide a thermodynamic driving force for transport of moisture into the adhesive 
[19]. In theory, this osmatic effect would be higher in the TW environment than in the CW 
environment because in the later environment there is a higher concentration of ions in the water. 
This last factor might be the reason why the CW slabs had a lower mid-span vertical displacement 
than the TW slabs. The concrete properties appear to be responsible for the creep evolution 
difference between the fully immersed environments (TW and CW) and the remaining environments 
(REF and WD). Also the creep effect on the concrete decreases with the humidity [20]. Lastly, the 
REF slabs and the WD slabs exhibit similar creep evolutions. Although the final concrete properties 
were better in the WD slabs, these specimens (WD) were exposed to a higher temperature 
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oscillation than any other slab. In fact, creep on the concrete trends to increase when the 
temperature is high, being 25% higher at the temperature of 40 ºC than at 20 ºC [21]. And, since 
the environmental conditionals were applied to the slabs mainly during spring and summer, this 
may cause the increase of creep deflection. 
  
  
  
  
Figure 3.10: Evolution of the mid-span displacement due to creep effect on slabs from: (a) series 
REF; (b) series TW; (c) series CW; and (d) series WD. 
Figure 3.10 shows the mid-span vertical creep displacement evolution after the creep loading 
application grouped by environmental condition. The slabs subjected to laboratory premises 
(REF_MA_C and REF_GA_C) exhibit the same creep mid-span vertical displacement variation. 
However, in the remaining three environmental conditions, series GA have shown larger 
deformations. This behaviour can be related to the lower mechanical properties of the epoxy 
adhesive at the anchorage zone of such strengthening system and degraded by the environmental 
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conditions. In fact Michels et al. [12] have concluded that the tensile strength of the epoxy adhesive 
fast cured using the heating devices is lower (at about 25%) than the same material cured at room 
temperature. Consequently, GA adhesively bonded joints are softer by comparison with the ones 
that use epoxy adhesive cured and room temperature [12,22,23]. 
The creep coefficient, 𝜑𝑢𝑙𝑡, based on the period of loading and a prediction of the long-term creep 
coefficient (𝜑𝑡∞) based on the studied period are also presented in Table 3.3. The creep coefficient 
based on the period of loading, 𝜑𝑢𝑙𝑡, was computed based on the following expression: 
𝜑𝑢𝑙𝑡 =
𝛿𝑐,𝐶𝑅𝐸𝐸𝑃
𝛿𝑐,𝑒𝑙𝑎
=
(𝛿𝑐,𝑢𝑙𝑡−𝛿𝑐,𝑒𝑙𝑎)
𝛿𝑐,𝑒𝑙𝑎
  (3.1) 
 
Through these results an average creep coefficient (𝜑𝑢𝑙𝑡) of 1.3 and 1.4 was obtained for the MA 
and GA slabs, respectively. According to the ACI 318 code [24], the long-term deflection of a RC 
concrete element can be calculated as follows: 
𝛿𝑐,𝐶𝑅𝐸𝐸𝑃 =
𝑆
1+50∙𝜌′
∙ 𝛿𝑐,𝑒𝑙𝑎  (3.2) 
where, 𝑆 is a time-dependent factor, (see Table 3.4); and 𝜌′ is the compression reinforcement 
ratio obtained from: 
𝜌′ =
𝐴𝑠
′
𝑏∙𝑑
  (3.3) 
where, 𝐴𝑠
′  is area the top reinforcement; 𝑏 is the width of the slab’s cross section; and 𝑑 is the 
distance from the extreme compressive fibre to centroid of longitudinal tension reinforcement. 
Based on the study period of 8 months, ACI 318 [24] predicts a creep coefficient of 1.30. This 
value is in agreement with the experimental results (see Table 3.3), which means that the 
observed creep deflection is mainly due to the creep of concrete.  
Considering the inverse of time, it was possible to estimate the long-term creep coefficient, 𝜑𝑡∞(see 
Table 3.3). Results showed a long-term creep coefficient that varied in between 1.1 and 1.7. For 
a period superior to five years or more, the ACI 318 code [24] predicts an long-term creep coefficient 
equal to 1.9. However other authors [13,25,26] have already studied the long-term deflection of RC 
elements strengthened with CFRP (without prestress) and obtained smaller creep coefficients than 
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the ACI 318 [24]. Several authors [25,26] have proposed a different time-dependent factor (𝑆) for 
the equation (3.2), which are presented Table 3.4 together with the expected long-term creep 
coefficient (𝜑𝑡∞). 
Table 3.4 
Suggested time-dependent factor 𝑆 and long-term creep coefficient 𝜑𝑡∞ 
Loading Period ACI 318 code [24] Arockiasamy et al. [26] G. Al Chami et al. [25] 
 𝑺 [-] 𝜑𝑡∞ [-] 𝑺 [-] 𝜑𝑡∞ [-] 𝑺 [-] 𝜑𝑡∞ [-] 
1 month 0.50 0.5 -- -- 0.40 0.4 
3 months 1.00 0.9 0.70 0.6 0.60 0.6 
6 months 1.20 1.1 0.85 0.8 0.80 0.7 
12 months 1.40 1.3 1.15 1.1 1.00 0.9 
18 months 1.60 1.5 -- -- 1.10 1.0 
60 months or more 2.00 1.9 1.40 1.3 1.30 1.2 
Note: The long-term creep coefficient was computed based on equations (3.1) and (3.2), on the proposed time-
dependent factor by the above-mentioned literature, and on the geometrical properties of the tested specimens. 
Arockiasamy et al. [26] studied the time-dependent deformations of four 2.4 m long concrete 
beams reinforced exclusively with CFRP bars. Every specimen was subjected to a different load 
level (77%, 110% and 123% of its cracking load). Al Chami et al. [25] studied the creep behaviour 
in twenty (1.8 m long) RC beams strengthened with EBR CFRP laminates. The applied sustained 
loads varied from 59% to 78% of the ultimate static capacities of the un-strengthened beams. One 
of the conclusions of the later study affirm that the major factor that affect the creep rate and the 
long-term deflection are the level of sustained load and the compressive strength of the concrete. 
In fact, the FRP strengthening produces no improvement in performance with regard to the long-
term deflection [25].  
As a concluding remark, it should be mentioned that despite these environmental actions being 
severe, the obtained long-term creep coefficient, 𝜑𝑡∞, did not exceed 1.9 (expected in RC structures 
[24]). Additionally, the test results also show that compressive strength of the concrete is one of 
the factor that affected the creep rate and long-term deflection. 
When the creep load was removed, an average recovery mid-span vertical displacement of 3.7 mm 
was observed. This value represents 83% of the elastic deformation registered when loading. As it 
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is shown in Section 3.2.2 (see Table 3.2), the concrete properties have evolved with the 
environments. At the end of the creep test, the concrete strength and elastic modulus of the slabs 
exposed to environments TW, CW and WD was higher, and a result of this, the stiffness of the slabs 
increased. Thus, considering the final slabs stiffness, the observed recovery in the mid-span vertical 
displacement (of 3.7 mm) represents 91% of the elastic deformation.  
The CFRP strain evolution of the slabs subjected to the sustained loading was also monitored and 
it is presented in Figure 3.11. As expected, strain values change over time with the applied load, 
temperature and environmental condition. An initial variation (almost elastic variation), that ranged 
from 0.06 % to 0.13 %, can be observed in all eight prototypes. It is clear that this variation is related 
to the applied load and to the stiffness of each composite system RC slab/CFRP strip. When 
comparing the initial strain variation (see Figure 3.11) with the mid-span deflection at the same 
time (see Figure 3.8), it can be observed that there is a relationship between both measurements: 
greater CFRP variation means higher mid-span deflection. The strain variation after the application 
of the gravity loads are related to the stress redistribution from concrete to the CFRP reinforcement 
due to concrete creep effect. It is clear that the strain evolution during this period had a similar 
evolution to the one observed on the mid-span deflection (see Figure 3.8). In addition, the 
temperature also plays a considerable effect on the strain in the CFRP: results show that the short-
time peaks of high temperatures produce a simultaneous raise in the mid-span CFRP strain. 
Through the analysis of Figure 3.11 it is possible to draw conclusion on the CFRP strain evolution 
over time for the specimen strengthened with the MA and GA system. The slabs with the MA 
anchorage system, showed an initial strain variation that rounded the 0.10 % after the application 
of the gravity load (event (E1) in Figure 3.11). This CFRP strain variation is in agreement with 
the values observed during the monotonic tests (see Section 3.4). Like in the MA series, the GA 
slabs also experienced an almost elastic increase of their CFRP strain with the loading. However, 
in two GA slabs (TW_GA_C and CW_GA_C) the initial strain increment was smaller than expected 
(0.07%). At this stage of the creep test both slabs showed the expected mid-span displacement, 
which was in agreement with the remaining specimens (REF_GA_C and WD_GA_C). For that 
reason, this low value of initial strain variation might be an acquisition system malfunction.  Then, 
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after the loading, different behaviours are observed for the slabs subjected to different 
environments.  
  
  
  
  
Figure 3.11: Evolution of the mid-span CFRP strain of the slabs from: (a) series REF; (b) series TW; 
(c) series CW; and (d) series WD. 
 
The Reference MA specimen seemed to have a strain increase over time, with a decreasing slope. 
This behaviour is, as explain before, related to the migration of the stresses from concrete to the 
CFRP reinforcement due to concrete creep effect. Figure 3.12 presents the mid-span CFRP strain 
and vertical displacement evolution of the REF_MA_C slab. The figure shows a perfect correlation 
between both the CFRP strain and the vertical displacement. Also, Figure 3.12 clearly shows the 
influence of the temperature variation on both parameters. 
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Figure 3.12: Comparison between the Mid-span deflection and the CFRP strain variation of REF_MA_C 
For that reason the MA mid-span deflection curve over time presented on Figure 3.8a is similar to 
the mid-span CFRP strain curve presented on the Figure 3.11a. Three peaks can be observed (at 
2600 h, at 3900 h and at 4500 h) on the temperature that directly influenced the CFRP strain. 
These temperature peaks resulted from an equipment malfunction. When these malfunctions were 
fixed, the strain in the CFRP returned to its expected value. Just like on the REF_MA_C, the 
REF_GA_C slab presented a gradual strain increase due to the concrete creep effect and 
consequent migration of the stresses from concrete to the CFRP reinforcement. As referred before, 
around 3980 h of testing (event (TP) in Figure 3.11a), the REF_GA_C had to be disregarded. 
There are several similarities between both REF slabs during the first months of the creep loading, 
as it is shown in Figure 3.8a and Figure 3.11a. These results clearly indicate the temperature 
variations produced a higher impact on the GA slab. At 2600 h, a first temperature peak was 
registered and, with it, a deviation from the CFRP strain variation registered in both slabs (see green 
line in Figure 3.11a). Nonetheless, a similar performance would be expected for both anchorage 
systems, if the temperature is kept, continually and consistently, in between 18 ºC and 22 ºC.  
The slabs subjected to the immersion on tap water (series TW) and on chloride water (series CW) 
presented a different behaviour. It should be highlighted that before the start of the environmental 
actions, the water was poured into temporary tanks inside the laboratory. This way, when the water 
was discharged inside the tanks its temperature was ranging the lab’s air temperature (and 
specimens). Nevertheless, the two MA specimens presented a rapid strain growth (around 0.02 %) 
when they were immersed in water (event (E2) in Figure 3.11). This strain growth is, similarly to 
the rapid deflection increase (see Figure 3.8), a result of the water absorption. The two GA slabs 
0 1000 2000 3000 4000 5000 6000 7000
0
3
6
9
12
M
id
sp
a
n
 d
is
p
la
ce
m
en
t,
 
 [
m
m
]
(E1)
T
em
p
er
a
tu
re
, 
T
 [
ºC
]
M
id
sp
a
n
 C
F
R
P
 s
tr
a
in
 v
a
ri
a
ti
o
n
, 

 f
 [
%
]
Time, t [h]
 Mid-span deflection
 Mid-span CFRP strain variation
          Temperature
(E4)
(TP)
0
10
20
30
40
0.00
0.05
0.10
0.15
0.20
 
 
 
 
      
DURABILITY AND LONG-TERM BEHAVIOR OF RC SLABS STRENGTHENED WITH PRESTRESSED CFRP 
STRIPS UNDER DIFFERENT ENVIRONMENTAL AND LOADING CONDITIONS 
  
112 
 
exposed to the same to environments also presented a rapid strain growth. It should be noticed 
that the mid-span strain variation due to this event was slightly higher in the GA slabs. It should be 
pointed that the slabs subjected to wet/dry cycles (series WD) has a higher temperature variation 
overtime and that temperature can be one of the highest degradation factors.  
All specimens presented a decreasing growth and posterior stabilization for strain values that did 
not exceed 0.2 %. This behaviour was expected, considering that primary creep deformation 
occurred in the first 3000 h, and secondary creep stage occurs afterwards.  The unloading of the 
slabs (event (E4) in Figure 3.11), is responsible for a modest reduction on the mid-span CFRP 
strain. An average reduction in CFRP strain of 0.08% and 0.05% was observed for the MA slabs 
and GA slabs, respectively. Yet, a residual fraction of the CFRP strain (in between 0.05% and 0.10%) 
was observed at the end of the test. For the MA specimens, this could represent a CFRP strip slip 
from the anchorage plates. However, a visual inspection after the conclusion of these tests highly 
indicate that there was no slip.  
 
3.4 Monotonic tests up to failure 
At the end of the environmental exposure all specimens were tested up to failure using a four-point 
test configuration. The present section reports the obtained results, taking in consideration the 
influence of the environmental conditions, the influence of the sustained loading and the influence 
of the anchorage system. The deflection, CFRP strain, crack width, crack pattern are some of the 
parameters that were measured, compared and briefly discussed. 
3.4.1 Stiffness 
During the monotonic tests the deflections along the longitudinal axis of the slabs were monitored. 
Figure 3.13 presents the evolution of the mid-span deflection with the applied force for all tested 
slabs. The strengthening of the slabs with CFRP laminate significantly increased their stiffness and 
reduced the corresponding mid-span deflection for a specific load level. All prestressed specimens 
presented a delay in the crack initiation (𝛿𝑐𝑟, 𝐹𝑐𝑟) and steel yielding (𝛿𝑦, 𝐹𝑦) when compared to 
the non-prestressed specimens (see Table 3.5). However, no significant changes due to the use of 
strengthening and/or prestressing were observed regarding the stiffness of the elastic phase (𝐾𝐼). 
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This behaviour was expected considering the low amount of strengthening reinforcement used. The 
longitudinal steel reinforcement ratio of T0_REF and equivalent longitudinal steel reinforcement 
ratio of all the strengthened slabs were equal to 0.46% and 0.53%, respectively. In average, slightly 
higher 𝐾𝐼 was observed for specimens immersed in water (series TW, CW and WD) whereas the 
lower values were registered for the REF series. The previously mentioned results obtained for 
concrete’s elastic modulus (see Table 3.2) support these observations. Results show that the 
uncracked concrete’s contribution to the overall slabs stiffness is, by far, the largest. Also, 
specimens subjected to sustained loading (with the suffix “_C”) appear to have a similar behaviour 
to the uncracked slabs (with the suffix “_U”) during the initial stages of testing: Figure 3.13d and 
Figure 3.13e show that the cracking stabilization only occurred for a load level of around 27 kN; 
before that, the contribution of the concrete for the initial slab’s stiffness seems to be more relevant, 
since all environmental conditions that include water exposure (series TW, CW and WD) led to 
higher stiffness’s. In contrast, REF_MA_C presents the lowest initial stiffness, which can be 
explained by the lower stiffness and most likely the lower tensile strength of concrete that was not 
immersed in water. 
The overall stiffness at cracked stage (KII) of the strengthened slabs is substantially less influenced 
by the mechanical properties of the concrete. For that reason, higher KII values were obtained for 
all strengthened slabs, in contrast to the observed for the T0_REF (unstrengthened slab). For the 
same reason values of KII are relatively similar for all strengthened specimens. 
In general, all prestressed slabs presented similar behaviour, which clearly means that the 
anchorage system type and the environmental exposure did not have a noticeable influence in the 
development of the deformations with the applied force. As expected, the sustained loading altered 
the initial deformation state of the slabs prior to static testing. As shown in Figure 3.13, cracked 
specimens (with the suffix “_C”) exhibited yielding and failure at lower deformation values, when 
the residual deformation obtained prior to static testing is disregarded. 
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Figure 3.13: Total force versus mid-span deflection: (a) Control specimens; (b) uncracked MA 
specimens; (c) uncracked GA specimens; (d) cracked MA specimens; and (e) cracked GA specimens. 
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3.4.2 Crack evolution and failure modes 
As previously referred, the crack width was assessed through the use of a handheld USB 
microscope during the execution of the static tests. The evolution of the average crack width versus 
the applied force is plotted in Figure 3.14. It should be noted that in the case of “_C” specimens, 
the crack width was measured since the onset of the static tests because several cracks were 
already visible. 
Results show that the strengthening influenced the crack width increase with the applied force: for 
a specific load level, strengthened slabs exhibited lower crack widths when compared to the 
T0_REF specimen. Prestress changed the onset of cracking by increasing the first-cracking load, 
at an average growth of 89% when compared with the T0_EBR. Crack measurements support the 
previous statement. In fact, Figure 3.14 shows that for the same load level, the prestressed 
specimens exhibit lower average crack widths. Both anchorage systems presented similar 
performance. The trend of crack width measurements observed for the control specimens (T0_MA 
and T0_GA) was similar to the one observed for the uncracked specimens. 
The different exposure environment conditions seemed to have no significant influence on the crack 
width evolution. In spite of that, specimens subjected to environments TW, CW and WD appeared 
to have an even lower crack width growth with the load increments. Conversely, specimens 
subjected to sustained loading showed a different crack width evolution: the linear regression shows 
a higher slope when compared to the ones relative to the remaining strengthened slabs. 
A study on the crack pattern and crack spacing was carried out for all specimens. Figure 3.15 
shows the average crack spacing, whereas Figure 3.16  and Figure 3.17 show the final crack 
pattern on the lateral surface and bottom surface, respectively. The average crack spacing was 
measured on the bottom surface of the slabs along two lines parallel to the longitudinal axis, each 
of these 150 mm away from the lateral face of the slab. As expected, the results clearly showed a 
crack spacing reduction due to strengthening and an even greater reduction when the strengthening 
was prestressed. For both prestressing systems the average crack spacing decreased and, 
consequently, the number of cracks increased. 
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Figure 3.14: Crack width evolution of: (a) Control specimens; (b) uncracked MA specimens; (c) 
uncracked GA specimens; (d) cracked MA specimens; and (e) cracked GA specimens. 
However, the MA and GA systems produced different effects on the final crack pattern. The gradient 
anchorage allowed the formation of cracks along the gradient zones (occupying approximately 2/3 
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CFRP laminate is mobilized throughout its entire length. The MA slabs presented a crack pattern 
that developed between the anchorage plates. The absence of cracks over the anchorage zones is 
related to the confinement produced in this region by the anchoring devices. As mentioned before, 
a torque of 150 Nm was applied in each of the six bolts that fix the CFRP laminate to the concrete 
with the metallic anchor plate, confining the laminate and the surrounding concrete substrate, in 
addition to the complementary reinforcement provided by the bolts themselves. 
 
Figure 3.15: Crack spacing: (a) Control specimens; (b) uncracked MA specimens; (c) uncracked GA 
specimens; (d) cracked MA specimens; and (e) cracked GA specimens. 
 
Figure 3.16: Crack pattern (lateral surface) at the end of the test of each slab. 
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Figure 3.17: Crack pattern (bottom surface) at the end of the test of each slab. 
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As previously stated, T0_REF is an unstrengthened specimen that was tested at the onset of the 
environmental condition exposure. The test was stopped once the mid-span deflection reached 100 
mm, the maximum deflection that can be registered by the LVDT. Concrete crushing at the top fibre 
would most likely be the expected failure mode (according to a cross section analysis, concrete 
crushing was expected for a load level close to 28 kN, when the strain of the steel in tension reaches 
3.3%. The analysis assumed of a rectangular stress distribution in the compressed concrete region, 
as suggested by fib [27] ). The strengthened slabs exhibited two distinct failure modes: (i) strip 
debonding and (ii) CFRP tensile rupture in unidirectional tension. The T0_MA failed by CFRP 
rupture in unidirectional tension when the strain in the laminate strip was 1.48% (see Table 3.5 
and Figure 3.18a). As in most slabs strengthened using mechanical anchorage, failure in the 
REF_MA_T0 did not occur immediately after the strip debonding, since the CFRP strip was held at 
both ends by the mechanical anchorages. As shown in Figure 3.19a, the observed debonding of 
the CFRP strips in MA slabs occurred in two phases: in a first stage deboding occurred near one 
of the two anchorages, and after a while the same happens in the anchorage placed at the opposite 
side of the slab. Due to this behaviour, the strains at the CFRP strip near the anchorages suddenly 
increased and almost reached the mid-span strain. From this point onwards the CFRP laminate 
strip behaved as an unbounded reinforcement, with minor strain variations along the strip length 
caused by the friction and interlock developed at the debonded region. Eventually, the strip was 
pulled out from the mechanical anchorage as shown in Figure 3.18c. A cross section analysis 
based on the CNR [28] debonding failure modes presented in Chapter 2 (Section 2.3.5) shows that 
intermediate debonding is the expected primary type of failure. Digital image correlation (see Figure 
3.20) clarifies that the debonding process of the MA slabs is caused due to flexural cracks. The 
observed intermediate debonding was cohesive at the concrete and started with the formation of 
flexural cracks at mid-span of the slab that propagated towards the ends. In Figure 3.20, it is 
possible to see primary flexural cracks and, when higher load levels are achieved, secondary shear 
cracks due to the CFRP reinforcement. All specimens with gradient anchorages exhibited a brittle 
failure, as in this case no mechanical end-fixing existed to provide additional anchorage. Because 
the strip detachment developed rapidly and very sudden, it is difficult to clearly identify the exact 
failure mode: although it seems that intermediate debonding caused by flexural cracks promoted 
the detachment of the CFRP in the GA specimens (see Figure 3.21), failure could also have started 
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from the anchorage at the CFRP/epoxy interface and then propagate towards the middle of the 
concrete substrate. Figure 3.17 shows flexural cracks across the gradient anchorage and they 
might have been the trigger that caused the failure. Nevertheless, considering the GA slabs, the 
strip end where the detachment occurred failed at the CFRP/epoxy interface, whereas cohesive 
failure in the concrete was observed for the remaining CFRP strip (see Figure 3.17). Details 
regarding the influence of the anchorage systems on the structural behaviour will be discussed 
further in the subsequent section.  
  
  
  
  
Figure 3.18: Failure modes: (a) CFRP rupture in unidirectional tension (T0_MA); (b) observed 
longitudinal cracks at the epoxy region (TW_GA_C); (c) CFRP strip pull-out from the mechanical 
end/anchorage (WD_MA_C); and (d) detail of a cohesive at the concrete debonding (WD_GA_U). 
 
 
 
a b
c d
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Figure 3.19: Materials strain variation: (a) CFRP sliding at anchorages for REF_MA_C; (b) CFRP strain 
variation for REF_MA_U; (c) CFRP strain variation for REF_GA_U; (d) concrete and steel strain variation 
for REF_MA_U and REF_MA_C; and (e) concrete and steel strain variation for REF_GA_U. 
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Figure 3.20: Digital image correlation on TW_MA_U slab (maximum principal strains). Note: Video 
available at < https://tinyurl.com/y9m3q7dj >  
 
Figure 3.21: Digital image correlation on TW_GA_U slab (maximum principal strains). Note: Video 
available at < https://tinyurl.com/ydgzgafb > 
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3.4.3 Influence of prestressing 
As previously stated, literature points out several advantages deriving from the prestressing of FRP 
materials. In this research the average level of prestress load reached was about 40 kN, resulting 
in a tensile stress of about 680 MPa in the CFRP laminate strip. When prestressed slabs are 
compared with the un-prestressed specimen (T0_EBR), a relatively small increase on the stiffness 
𝐾𝐼 and 𝐾𝐼𝐼 (about 19% and 11%, respectively) is observed. Nevertheless, the first-cracking, yielding 
and failure loads increased substantially (approximately 90%, 30% and 31%, respectively) and, as 
a result, for the same load level, these specimens exhibited smaller deflections (see Table 3.5). 
One of the main advantages of using prestressed externally bonded FRP materials for strengthening 
existing structures is the reduction of the existing deflections and crack widths. In the experimental 
programme, when the sustained loading was removed, the majority of the cracks have closed and 
became invisible to the naked eye. Strengthening using prestressed FRP materials may be regarded 
as a way to partially or totally cancel the effect of sustained loads and, consequently, as a way to 
improve both crack width and deflection reduction. 
Prestressed slabs exhibit a more efficient use of the mechanical properties of both the concrete 
and the CFRP: the average concrete strain in the top surface at failure of the slab was approximately 
0.20%, and the average CFRP strain at failure was approximately 1.18%. In contrast, immediately 
before failure, the concrete and CFRP strains registered in the T0_EBR specimen were 0.13% and 
0.76%, respectively (see Table 3.5). 
3.4.4 Anchorage systems 
The anchorage system plays an important role on the effectiveness of the prestressing technique, 
allowing a proper transfer of high shear stresses from the strip ends to the concrete [29]. In the 
case of the mechanical anchorage (MA) system, hard aluminium plates avoid the premature 
peeling-off of the CFRP strip by holding the laminates extremities and, in the particular case of this 
experimental program, by increasing the concrete’s shear strength at the substrate surface due to 
the confinement provided by the torque applied on each anchor bolt fixing the plates. Alternatively, 
the gradient anchorage (GA) gradually reduces the prestressing force over several gradient 
segments towards the ends of the strip, eliminating the risk of premature debonding failure. 
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However, during the monotonic tests the major difference between the behaviour of slabs with the 
two different anchorage systems was observed after steel yielding, on the onset of the CFRP strip 
debonding. After yielding, the steel reinforcement contribution to the increase of the slabs load 
carrying capacity is limited, thus making the CFRP material the greatest responsible for carrying 
the additional load increments. Promoted by the flexural cracks at the intermediate zone of the 
slab, strip debonding initiated when the load level was close to 55 kN and 56 kN for the MA and 
GA slabs, respectively. It should be highlighted that with the GA system the initial debonding process 
quickly progressed into the complete strip detachment. For the majority of the MA specimens, strip 
debonding produced two sudden load drops in the 𝐹 − 𝛿 responses (see Figure 3.13a, Figure 
3.13b and Figure 3.13d), each drop relative to the strip detachment at each of the two extremities. 
Once completely detached, the CFRP strip continues to carry additional loading as an unbounded 
external reinforcement fixed by the metallic plates. In average the MA system allowed reaching an 
ultimate load of 59 kN (6.2% higher than the one observed with the GA system) and an ultimate 
mid-span deflection of 86 mm (GA slabs presented an average ultimate mid-span deflection of 73 
mm). In essence, both anchorage systems presented similar behaviours until the yielding of the 
steel reinforcement. Then, for similar load/deflection levels the initiation of strip debonding led to 
the failure of the GA system and to the CFRP strip detachment in the MA system. Although the 
majority of the MA slabs presented a ductile behaviour by allowing larger deflections and greater 
load levels, in some cases (specimens TW_MA_U, CW_MA_C and WD_MA_C) failure was 
observed shortly after the strip debonding initiation. 
3.4.5 Influence of environmental condition 
Four environmental conditions were considered to evaluate the durability of the studied 
strengthening systems: (i) reference environment (REF); (ii) water immersion in tank at 20 ºC of 
temperature (TW); (iii) water immersion in tank with 3.5% of dissolved chlorides at 20 ºC of 
temperature (CW); and (iv) wet/dry cycles in a tank with water at 20 ºC (WD). As mentioned before, 
the concrete mechanical properties changed differently with each environmental condition. 
Likewise, results indicate that the properties of the epoxy adhesive might have changed throughout 
the 8 months’ exposition to these environments. In fact, a recent study [16] with the same epoxy 
adhesive under the same environment conditions (REF, TW and CW) has shown a decrease on the 
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elastic modulus (about 14%, 43% and 34% for the REF, TW and CW respectively) and a decrease 
on the strength (about 6%, 38% and 30% for the REF, TW and CW respectively) after eight months 
of exposure. In contrast, Fernandes [30] have shown that the CFRP tensile properties suffer 
negligible losses when subjected to full immersion in water (about 3% and 2% for the tensile strength 
and E-modulus, respectively) or to full immersion in water with 3.5% of chlorides (about 7% and 1% 
for the tensile strength and E-modulus, respectively) for a period of time that lasted up to 720 days. 
Because all materials properties changed differently with each environmental condition, the overall 
behaviour of each composite system (RC slab/epoxy adhesive/CFRP laminate strip) also changed. 
For all four environmental conditions a decrease on the first-cracking, yielding and ultimate loads 
for both MA and GA specimens was observed. When compared to the reference specimens (T0_MA 
and T0_GA), all aged specimens presented a reduction on the ultimate parameters (in average the 
ultimate load, mid-span displacement and CFRP strains decreased 8.4%, 28.4% and 11.9%, 
respectively). In both anchorage systems the epoxy adhesive can be one of the crucial factors for 
its success. The deterioration of the adhesive’s adherence and tensile properties seems to be the 
major reason for the earlier debonding initiation on the aged specimens. Regarding the GA 
specimens, the strip detachment always occurred at lower load levels, even in the less aggressive 
environmental conditions for the adhesive (CW). The lowest ultimate loads and deflections 
(Fu=53.52 kN and δu=38.21 mm) were observed for the environment REF (REF_GA_U). The T0_MA 
and the remaining MA slabs presented similar load levels at the onset of the strip’s detachment. 
The MA slab subjected to the full immersion in water presented the most significant degradation. 
These results are in agreement with the evolution of the mechanical properties of the epoxy 
adhesive in time: the environmental actions TW and CW resulted in the most significant decrease 
in terms of the mechanical properties of the adhesive [16]. 
For each strengthened slab, three ductility parameters were calculated to evaluate the influence of 
each environmental condition on the ductility of the slab (see Table 3.5). In general, the increase 
of force (𝐹𝑚𝑎𝑥/𝐹𝑦), deflection (𝛿𝑚𝑎𝑥/𝛿𝑦) and curvature (𝜑𝑚𝑎𝑥/𝜑𝑦) ratios between the yielding 
and the failure stages was higher for MA specimens. The T0_MA presented the highest ductility 
parameters (𝐹𝑚𝑎𝑥/𝐹𝑦 = 1.33, 𝛿𝑚𝑎𝑥/𝛿𝑦 = 3.15 and 𝜑𝑚𝑎𝑥/𝜑𝑦 = 2.13) and similar results 
were observed for MA slabs exposed to REF, CW and WD environments. Again, the immersion in 
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water (series TW) resulted in the highest ductility reduction for MA specimens, being the ratio 
𝛿𝑚𝑎𝑥/𝛿𝑦 of specimen TW_MA_U 49% lower than the one obtained for T0_MA. This observation 
may be justified by the degradation experienced by the epoxy adhesive when exposed to certain 
environments [16]. Specimens prestressed with the GA system presented the highest ductility 
parameter on series TW and CW. 
3.4.6 Influence of sustained loading 
In real-life situations, a RC structure can be subjected to combined effects of physical and 
environmental factors, which in some cases may be synergetic. In order to evaluate their influence, 
as previously referred (see section 3.2.1), a sustained load of 20 kN was applied simultaneously to 
the four studied environments. The sustained load led to the pre-cracking of all specimens allowing 
a greater exposure of the reinforcement and strengthening elements to the environmental 
conditions and, consequently, a greater degradation of the composite system. During the sustained 
loading, the maximum deformation of the slab almost reached 12 mm and cracks were visible by 
naked eye. When loading was removed, more than 50% of the previously reached deformation was 
recovered. 
During the static tests, a sudden stiffness loss was observed when the applied load was close to 
25 kN indicating that the cracking process was not stabilized during the application of the sustained 
load. Up to this point, the stiffness of the slab assumed an intermediate value between the stiffness 
𝐾𝐼 and 𝐾𝐼𝐼 of the “_U” specimens. As shown in Table 3.5, the sustained load and consequent 
cracking did not have a significant influence on the ultimate behaviour. In the static tests, the failure 
occurred for the same load level as for the “_U” slabs but, as expected, for lower deflection values 
(23.6% and 6.4% lower for the MA and GA systems, respectively). For the specimens subjected to 
the sustained loading the separation between the debonding initiation stage and the anchorage 
slippage stage has decreased, reducing the ductility. Ductility parameters presented in Table 3.5 
can quantify the reduction of the slabs ductility due to the effect of the synergies between sustained 
loading environmental conditions exposure. The GA specimens (TW_GA_C; CW_GA_C and 
WD_GA_C) presented similar ductility parameters to those obtained to the T0_GA. However, all 
“_C” specimens strengthened with the mechanical anchorage showed significant ductility 
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reductions. The lowest 𝐹𝑚𝑎𝑥/𝐹𝑦, 𝛿𝑚𝑎𝑥/𝛿𝑦 and 𝜑𝑚𝑎𝑥/𝜑𝑦 ratios for the MA slabs were observed 
for series TW (𝐹𝑚𝑎𝑥/𝐹𝑦 = 1.14), WD (𝛿𝑚𝑎𝑥/𝛿𝑦 = 1.64) and TW (𝜑𝑚𝑎𝑥/𝜑𝑦 = 1.67), 
respectively. In this matter, the less damaging synergy comprehended the sustained loading and 
the REF environment. Yet, the REF_MA_C showed a decrease higher than 20% in each of its 
ductility parameters when compared to the T0_MA.  
In summary, the ductility of each slab was evaluated through three parameters (𝐹𝑚𝑎𝑥/𝐹𝑦, 
𝛿𝑚𝑎𝑥/𝛿𝑦 and 𝜑𝑚𝑎𝑥/𝜑𝑦) and three major factors have been observed: (i) specimens strengthened 
with the GA system showed minor variations in their ductility parameters after being exposed to the 
different environmental conditions solely (series “_U”) or combined with the sustained loading 
(series “_C”); (ii) the ductility of MA specimens on series “_U” and “_C” was considerably lower 
than the ductility observed on slab T0_MA; and (iii) the combined effects (sustained loading + 
environmental action) produced a more severe effect on the ductility reduction of MA specimens 
than the exposure to each environment separately. 
3.5 Conclusion 
The main objective of this experimental campaign was to assess the durability of RC slabs 
strengthened with prestressed CFRP laminate strips using two different anchorage systems: the 
mechanical anchorage (MA) and gradient anchorage (GA). For eight months, sixteen slabs were 
subjected to the effect of four environmental conditions (reference environment - REF; immersion 
in tap water at 20 ºC - TW; immersion in water with 3.5% of chlorides - CW; and wet/dry cycles in 
tap water at 20 ºC - WD). Additionally, half of these specimens were subjected to a sustained load 
of 20 kN. Out of the presented results, several conclusions can be drawn: 
► An average prestress loss of about 1 kN (in 40 kN) were observed in both anchorage 
systems. In the MA system short-term prestress losses were observed when the system is 
blocked with the fixing screws; whereas in the GA system these prestress losses were 
observed at the release of the first 1/3 of force; 
► The CFRP strain was continually monitored in all tested slabs and two main remarks should 
be highlighted: the strain increased when the specimens were immersed in water 
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(environment TW and CW) due to, mainly the volumetric expansion; the strain readings were 
highly influenced with the temperature oscillations; 
► When the creep load was applied, the observed elastic deformation and CFRP strain 
variation were in agreement with the monotonic tests up to failure; 
► In general, both systems (MA and GA) presented similar response during the creep loading. 
However, the GA slabs presented higher deformations than the MA slabs in the 
environmental conditions TW, CW and WD; 
► The REF and WD environments are responsible for the highest mid-span vertical deflection 
due to creep. Despite of that, an average creep coefficient for the test period (𝜑𝑢𝑙𝑡) of 1.3 
was computed and are in agreement with the expected values for reinforced concrete 
elements. Based on the test period, a long-term creep coefficient (𝜑𝑡∞) was estimated and 
it did not excess 1.9; 
► During the monotonic tests, prestress allowed higher CFRP strains at failure, thus a better 
use of the involved materials; 
► A similar response was observed for both anchorage techniques, but the mechanical 
anchors of the MA system prevented a premature failure and allowed the slabs to support 
greater ultimate loads and deflections;  
► For the GA specimens, the initial debonding process was rapidly transformed into the 
complete strip detachment, resulting in a brittle failure, similar to conventional externally 
bonded reinforcement without any end-anchorages; 
► The T0_MA slab was the only that failed by CFRP rupture at its maximum tensile capacity, 
whereas the remaining strengthened slabs seemed to have failed by strip intermediate 
debonding from the concrete; 
► The exposure to water (series TW, CW and WD) improved the concrete strength and the 
corresponding modulus of elasticity, which increased the initial slabs’ stiffness and delayed 
the crack initiation; 
► All tested environmental conditions led to a reduction of the yielding and the failure loads for 
both anchorage systems, but the influence of each environment was different on each 
anchorage system: TW and REF environment conditions seemed to have the highest 
degradation influence over the MA and GA slabs, respectively; 
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► Debonding initiation on both systems was observed at earlier test stages for specimens 
exposed to all environments. The main reason resides in the fact that the epoxy adhesive’s 
properties are susceptible to degradation when exposed to humidity or water; 
► The ductility of all strengthened specimens was evaluated through three ductility parameters. 
In general, all tested exposure environments led to a reduction of the MA slabs ductility, 
especially in the case of cracked specimens. The MA specimens presented the lowest 
ductility after the immersion in water (series TW); 
► The sustained loading amplified the effect of each environmental action. This effect was 
more pronounced on MA specimens, which presented lower structural ductility when 
comparing the deflection between failure and yielding; 
► The performance and ductility losses of the strengthening systems when subjected to 
environmental conditions and sustained loading, separately or combined, were subtle. 
However, considering that the tests were carried out in only 8 months, the results give clear 
indications towards the importance of conducting similar tests over longer periods;  
► During the static tests, the control specimens (series T0) exhibit a far superior performance 
and ductility compared to the remaining specimens. It is clear that the study of the effects 
of environmental actions and sustained loading is an essential topic to truly understand the 
long-term properties of prestressed CFRP strengthening systems;  
► Based on the obtained results it is important to, in future works, evaluate the influence of 
the same environmental actions for a longer period, under the influence of temperature 
cycles and higher concentration of salts. However, the processes used in this work has 
revealed great potential for the establishment of standardized procedures for durability 
assessment of prestressed CFRP strengthening systems. 
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4.1 Introduction 
From the results obtained in the preliminary studies detailed in Chapter 2 and in the comprehensive 
experimental campaign detailed in Chapter 3 two types of failure modes were observed for slabs 
strengthened with the mechanical anchorage: (i) CFRP rupture at its maximum tensile capacity and 
(ii) CFRP slippage from the anchorage. In the abovementioned experimental studies, each 
mechanical anchorage was transversely compressed through six prestressed M16 anchor bolts with 
a torque of 150 N·m. From these tests, it was clear that the mechanical anchorage played a critical 
role on the response of the strengthened slabs. However, the absence of information from the 
existing literature and from the datasheet of the mechanical anchorage did not allow to get further 
conclusions about such system. 
Thus, to better understand the mechanical anchorage behaviour an extensive experimental 
campaign was carried out. Composed by 22 large scale specimens, the experimental programme 
aimed at studying the effect of (i) compressive stress (controlled by the torque applied in each M16 
anchor bolts of the MA system), (ii) laminate geometry and (iii) test temperature. Part of the work 
herein described has been already published in one journal [1] and several conference [2–4] 
papers. 
4.2 Experimental programme 
The experimental programme involved twenty-four prismatic concrete specimens of 
200 mm × 500 mm × 800 mm. In these blocks, CFRP laminates were installed according to the 
EBR technique and were mechanically anchored to the concrete substrate through an aluminium 
alloy plate. Three main parameters were studied: (i) the laminate width, 𝑤𝑓, (50, 80 and 100 mm); 
(ii) the level of compressive stress, 𝜎𝐿,  through the torque (𝑇𝐿) that was applied in the anchorage 
plate bolts (30, 100, 150 and 200 N·m); and (iii) the effect of the temperature, 𝑇,  (20 ºC, 60 ºC 
and 80 ºC). Regarding to the first parameter, the selected values are in agreement with the typical 
geometries of laminates used with this anchorage system. Concerning the level of torque, 𝑇𝐿, 
applied in the anchorage plate bolts, the value of 200 N·m was defined based on limitations of 
usual chemical bolt-concrete systems (used to fix the anchorage plate), which yielded to a 
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compressive stress level up to approximately 30 MPa. It should be highlighted that preliminary 
compression tests (in the transverse direction) on CFRP samples were performed up to 80 MPa, 
based on the mechanical properties of the CFRP laminates used. These tests revealed no signs of 
damage on the composite material. A torque of 150 N·m was used during the strengthening of the 
MA slabs (see Chapter 2 and Chapter 3). A negligible value of torque (30 N·m) was also considered 
in the present study, as well as an intermediate value between these last two mentioned torques. 
For the case of the later parameter, three temperature levels were adopted based on the glass 
transition temperature, 𝑇𝑔, of the epoxy adhesive used: a temperature lower than its 𝑇𝑔 (20 ºC), 
near its 𝑇𝑔 (60 ºC) and clearly above its 𝑇𝑔 (80 ºC). The temperature effect on the mechanical 
anchorage was evaluated through steady-state tests (with the temperature levels aforementioned) 
and through transient tests (with a constant pull-out force of 80 kN, 100 kN and 120 kN). Additional 
information regarding the later parameter is given in Section 4.2.1. As it is shown in Table 4.1 all 
specimens are labelled with a generic denomination: LX_TY_Z, where X is the laminate width in 
[mm] (50, 80 or 100), Y is the torque level in [N∙m] (30, 100, 150 or 200), and Z is related to the 
type of test configuration (steady-state tests carried out at 20 ºC, 60 ºC and 80 ºC have the suffix 
SS20, SS60 and SS80, respectively; whereas the transient test that failed at 100 kN and 120 kN 
have the suffix CL100 and CL120, respectively). As two of the transient tests were repeated, four 
specimens were labelled with an additional suffix (a or b). For an easier analysis of the test results, 
all specimens were grouped in two series: Series 1, with all specimens tested with the steady-state 
configuration at room temperature (20 ºC); and Series 2, with the slabs tested under a steady-state 
configuration at elevated temperatures (60 ºC and 80 ºC) and under the transient test 
configuration. 
4.2.1 Specimens and test configuration 
Figure 4.1 shows the test set-up used for the large scale pull-out tests. In order to study the 
transition from the debonding of the EBR CFRP laminate to the mechanical anchorage action, a 
total length of 522 mm of CFRP laminate was glued to the concrete surface: 272 mm corresponded 
to the length of the metallic anchorage plate, and 250 mm were assumed to be a bonded length. 
According to the CNR [5], the unconfined bonded length (henceforth referred simply as "EBR 
component") surpassed the theoretical effective length, 𝑙𝑒, needed to achieve the maximum 
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debonding load (equal to 200 mm for the present case). Consequently, with this specimen 
configuration, it was possible to study the behaviour of the EBR component, of the mechanical 
anchorage and the transfer of load from one region to the other.  
 
 
Figure 4.1: Specimen’s geometry and test configuration. Note: All units are in millimetres. 
The specimens were tested under the following two types of test configurations: (i) steady-state 
configuration, in which the temperature was kept constant at 20 ºC, 60 ºC and 80 ºC while the 
specimens were loaded up to failure; and (ii) transient configuration, in which a pull-out force was 
kept constant at 80 kN, 100 kN and 120 kN (0.36%, 0.45% and 0.54% of CFRP strain) while the 
specimens were heated up to failure. 
The concrete specimens were firstly placed onto the floor against a metallic plate with the height 
of 60 mm, which was assumed to be a rough measure of a hypothetical neutral axis depth for the 
case of a flexural member of 200 mm height. Next, the specimens were fixed to the strong floor 
through a metallic profile located at the top rear part of the specimen, 50 mm apart from the 
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bottom face of the block (see Figure 4.1). Once the concrete blocks had been correctly placed 
and fixed, the CFRP laminate was connected to the hydraulic actuator through a metallic clamp 
specially designed for these tests (see Figure 4.2). As shown in Figure 4.2a, these grips were 
200 mm wide and 285 mm long and were closed with six M20 bolts. This clamping system was 
designed to withstand the failure by CFRP rupture at its maximum tensile capacity (close to 300 
kN for the laminate of 1001.2 [mm]). Depending on the type of test, different procedures were 
adopted: (i) in the steady-state tests the laminate was pulled using a servo-controlled machine at a 
constant rate of 0.30 mm/min until the total debonding of the laminate’s bonded length. Then the 
speed was increased up to 2 mm/min until the end of the test. The moment when the displacement 
rate was also changed is presented in Figure 4.6 and in Figure 4.14 as a grey dot (with the 
label “A”). These figures clearly indicate that the change in the test velocity did not yield to critical 
changes on the load-slip relationships. 
  
 
 
Figure 4.2: Clamping system: (a) detail of the clamping system; and (b) photo of the clamping system 
and hydraulic actuator 
During the steady-state tests the temperature was kept constant in the anchorage zone and EBR 
component. The temperature was achieved using an infra-red (IR) heating system, and the 
temperature levels were meant to keep the epoxy adhesive inside the mechanical anchorage (in-
between the concrete and the CFRP laminate) at a temperature lower than its 𝑇𝑔 (20 ºC), near its 
𝑇𝑔 (60 ºC) and above its 𝑇𝑔 (80 ºC). Figure 4.3 presents the temperature evolution in the 
mechanical anchorage and in the EBR component. 
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Table 4.1 
Experimental programme. 
Specimen 𝒘𝒇  
[mm] 
𝑻𝑳  
[mm] 
𝑻  
[ºC] 
𝝈𝑳  
[MPa] 
𝑬𝒇  
[GPa] 
𝒇𝒇𝒖  
[MPa] 
CB 
Series 1: Tests performed at room temperature 
  L50_T30_SS20 50(i) 30 20ºC 4.6 176.4 (2.0%) 2222.4 (4.7%) B1 
  L50_T100_SS20 50(i) 100 20ºC 15.3 176.4 (2.0%) 2222.4 (4.7%) B1 
  L50_T150_SS20 50(i) 150 20ºC 23.0 176.4 (2.0%) 2222.4 (4.7%) B1 
  L50_T200_SS20 50(i) 200 20ºC 30.6 176.4 (2.0%) 2222.4 (4.7%) B1 
  L80_T30_SS20 80(ii) 30 20ºC 2.9 170.5 (0.3%) 2428.0 (4.6%) B1 
  L80_T100_SS20 80(ii) 100 20ºC 9.6 170.5 (0.3%) 2428.0 (4.6%) B1 
  L80_T150_SS20 80(ii) 150 20ºC 14.4 170.5 (0.3%) 2428.0 (4.6%) B1 
  L80_T200_SS20 80(ii) 200 20ºC 19.2 170.5 (0.3%) 2428.0 (4.6%) B1 
  L100_T30_SS20 100(iv) 30 20ºC 2.3 169.4 (1.4%) 2480.2 (4.0%) B1 
  L100_T100_SS20 100(iv) 100 20ºC 7.7 169.4 (1.4%) 2480.2 (4.0%) B1 
  L100_T150_SS20 100(iv) 150 20ºC 11.5 169.4 (1.4%) 2480.2 (4.0%) B1 
Series 2: Tests performed at high temperature 
  L80_T150_SS60 80(iii) 150 60ºC 14.4 174.6 (1.1%) 2867.9 (1.6%) B2 
  L80_T150_SS80 80(iii) 150 80ºC 14.4 174.6 (1.1%) 2867.9 (1.6%) B2 
  L100_T100_SS60 100(v) 100 60ºC 7.7 187.2 (0.9%) 2895.2 (0.2%) B2 
  L100_T100_SS80 100(v) 100 80ºC 7.7 187.2 (0.9%) 2895.2 (0.2%) B2 
  L100_T150_SS60 100(v) 150 60ºC 11.5 187.2 (0.9%) 2895.2 (0.2%) B2 
  L100_T150_SS80 100(v) 150 80ºC 11.5 187.2 (0.9%) 2895.2 (0.2%) B2 
  L100_T200_SS60 100(iv) 200 60ºC 15.3 169.4 (1.4%) 2480.2 (4.0%) B1 
  L100_T100_CL100 100(v) 100 -- 7.7 187.2 (0.9%) 2895.2 (0.2%) B2 
  L100_T100_CL120 100(v) 100 -- 7.7 187.2 (0.9%) 2895.2 (0.2%) B2 
  L100_T150_CL100a 100(v) 150 -- 11.5 187.2 (0.9%) 2895.2 (0.2%) B2 
  L100_T150_CL100b 100(v) 150 -- 11.5 187.2 (0.9%) 2895.2 (0.2%) B2 
  L100_T150_CL120a 100(v) 150 -- 11.5 187.2 (0.9%) 2895.2 (0.2%) B2 
  L100_T150_CL120b 100(v) 150 -- 11.5 187.2 (0.9%) 2895.2 (0.2%) B2 
Notes: The laminates of 50 mm belong to a single batch (i); The laminates of 80 mm belong to two different batches, 
batch (ii) and batch (iii); the laminate of 100 mm belongs to two different batches, batch (iv) and batch (v); the values 
between parentheses are the corresponding coefficients of variation (CoV).  
𝒘𝒇 – CFRP laminate width; 𝑻𝑳– Torque level; 𝑻 – Test temperature; 𝝈𝑳 – Confinement level; 𝑬𝒇 – CFRP modulus 
of elasticity; 𝒇𝒇𝒖– CFRP tensile strength; CB – Concrete batch. 
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In the transient tests the IR heating system was used to gradually increase the temperature in the 
anchorage zone and EBR component. In a first stage of the transient tests, the temperature was 
kept constant at 30 ºC and the stress level on the laminate was increased up to a predefined pull-
out load of 80 kN, 100 kN and 120 kN. Then the temperature was raised up (average rate of about 
0.4 ºC/min) until failure keeping the stress level constant. If the temperature in the mechanical 
anchorage reached 80 ºC and failure was not observed, the conditions of temperature (80 ºC) and 
pull-out load (80 kN, 100 kN or 120 kN) were kept for a period of one additional hour before ending 
the test (see Figure 4.3c). 
 
 
 
  
  
Figure 4.3: Heating system: (a) photo of the set-up; (b) typical temperature evolution for steady-state 
tests; and (c) typical temperature evolution for transient tests. 
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The IR heating system is composed by four IR heaters of 1200 W, controlled by a thermostat. This 
system was developed to reach the maximum temperature of 80 ºC in a relative short period of 
time (2 hours) and to produce an even distribution of temperature across the anchorage plate and 
on the EBR component. The photograph in Figure 4.3a shows the test set-up including the IR 
heating system. 
The relative displacement of the CFRP laminate with respect to the concrete block was acquired by 
means of linear variable differential transformers (LVDT) placed at different locations (see Figure 
4.1b): (i) at the location where the CFRP laminate starts to be bonded to the concrete (loaded end, 
LVDT-1), (ii) at the side of the anchorage plate that the laminate is pulled (mid end, LVDT-2) and 
(iii) at the other side of the anchorage plate (free end, LVDT-3). The LVDT-1 has a range of ±5.0 
mm and a linearity error of ±0.24%, whereas the LVDT-2 and LVDT-3 range of ±2.5 mm and a 
linearity error of ±0.24%. The load cell used has a maximum measuring capacity of 300 kN and a 
linear error of ±0.05%. The evolution of the strain profile in the laminate was registered by strain 
gauges (S1 to S5, TML PFL-30-11-3L) placed every 62.5 mm that were glued along the CFRP 
bonded length (see Figure 4.1a). Five thermocouples were used to measure the temperature in 
tests performed with elevated temperatures (see Figure 4.1b). The thermocouples (type K) had 
a range from -50 ºC to 250 ºC and were placed at the centre of the anchorage and at the EBR 
component, each location with several thermocouples. It is noteworthy to mention that during the 
design of the IR heating system preliminary tests were carried out with several thermocouples, 
placed in the anchorage region (5 thermocouples, equally distributed in between the epoxy adhesive 
and the concrete; particularly, one near each corner of the anchor plate – approximately 30 mm - 
and one at the geometrical its centre), and in the EBR region (3 thermocouples, equally distributed 
in between the epoxy adhesive and the concrete; each one spaced by 83 mm, at the middle line 
of the CFRP strip – transversal section). During these preliminary tests, the temperature variation 
between the thermocouples of the same region was negligible.  
4.2.2 Materials 
The behaviour of the strengthening system and performance of the test specimens is related to the 
mechanical properties of the materials used. Concrete, CFRP laminate, and epoxy adhesive are the 
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main materials used in the present experimental study. The ready-mixed concrete (exposure class 
of XC4(P) according to Eurocode 2 [6]) was composed of crushed granite aggregates with a 
maximum aggregate size of 12.5 mm and Portland cement type CEM II/A-L 42,5R. It was used 
two batches (B1 and B2) to cast the concrete prisms (see Table 4.1). The concrete compressive 
strength and modulus of elasticity were assessed using compression tests following NP EN 12390-
3:2011 [7] and LNEC E397 1993:1993 [8] recommendations, respectively. For each concrete 
batch six cylindrical specimens (300 mm of height and 150 mm of diameter) were used. These 
tests were performed at the same age of the pull-out tests. An average compressive strength (𝑓𝑐) 
of about 33.4 MPa (CoV=4.33%) and 45.0 MPa (CoV=1.24%) was obtained for batches B1 and B2, 
respectively. The modulus of elasticity was also assessed for batch B1 (30.8 GPa, CoV=2.84%) and 
for batch B2 (32.8 GPa, CoV=0.72%). Although the concrete compressive strength was higher in 
batch B2 than in B1, the governing failure mode of all specimens was adhesive type at the 
concrete/adhesive interface. Thus, the difference in 𝑓𝑐 presents marginal influence in the results 
of the research. 
Similarly to the slab specimens (see Chapter 2 and Chapter 3), the CFRP laminate strips used in 
the experimental work consisted of unidirectional carbon fibres (volume content is higher than 68%) 
held together by an epoxy vinyl ester resin matrix. The tensile properties of the CFRP laminate were 
assessed thought the ISO 527-5:1997 [9] recommendations. The CFRP laminate came from five 
different batches as described in Table 4.1. For each batch, six samples were used to assess the 
modulus of elasticity (𝐸𝑓) and the tensile strength (𝑓𝑓𝑢), with the results presented in Table 4.1). 
An average 𝐸𝑓 of 176.4 GPa, 172.6 GPa and 178.0 GPa was obtained for the laminates with the 
width of 50 mm, 80 mm and 100 mm, respectively. The maximum tensile strength varied between 
2222.4 MPa and 2895.2 MPa. All specimens presented an explosive failure type, by rupture of the 
fibres located mainly at the middle height of the test sample. 
The S&P Resin 220 used was the same two-component epoxy adhesive utilized in the strengthening 
of the slabs for the short and long-term behaviour. The expected modulus of elasticity and tensile 
strength was presented in section 2.2.2 (Chapter 2) and section 3.2.2 (Chapter 3). It should be 
referred that Silva et al. [10] performed a Dynamic Mechanical Analysis (DMA) to assess the glass 
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transition temperature (𝑇𝑔) of the same type of epoxy adhesive. Based on the onset of the glass 
transition of the storage modulus, a value of 47.2 ºC was obtained. 
The anchorage plates are a commercially available solution for the end-anchorage of a CFRP 
laminate prestressing system, from the same company that supplied the CFRP laminate strip and 
epoxy resin. A 2D drawing of the anchorage plate is presented in Figure 4.4. With the dimensions 
of 200 mm (height) by 272 mm (width) and a thickness of 12 mm, the metallic plate is made of 
hard aluminium and has 6 major holes (diameter of 18 mm) meant to accommodate M16 
anchorage bolts. This aluminium plate also presents 12 additional threaded holes (4 M8 and 8 
M12) that are used for the prestressing system. Two different types of anchor bolts were used in 
this experimental programme: M16 grade 8.8 for a predefined torque level of 30 N·m, 100 N·m 
and 150 N·m, and M16 10.9 for the torque level of 200 N·m. 
 
 
Figure 4.4: Drawing of the anchorage plate. Note: All units are in millimetres. 
4.2.3 Preparation of specimens 
As stated before, the specimen configuration was conceived in order to accommodate the 
anchorage and EBR components. This option assures better representativeness of the real 
applications and allows better understanding of the bond behaviour in the transition between the 
EBR and anchorage components. Thus, the following procedure was implemented in the 
preparation of all specimens: 
A-A'
140
30 30
11
0
11
0
26
26
BA
27
2
12 12
18 18
18
18
11
0
11
0
B'A'
B-B'TOP VIEW
      
BOND BEHAVIOUR OF TRANSVERSELY COMPRESSED MECHANICAL ANCHORAGE SYSTEM 
 
146 
1. The surface roughness of the concrete was enhanced with a sandblasting technique. Six 
holes with a diameter of 18 mm and a total depth of 150 mm were drilled on the concrete 
surface to allocate the metallic anchor bolts (see Figure 4.5a); 
2. After sandblasting and drilling, the holes and the concrete surface were carefully cleaned 
by using pressurized air (see Figure 4.5b); 
3. The metallic anchor bolts were glued with HIT-HY 200-A® which is a chemical bond agent 
to fix each aluminium anchorage plate (see Figure 4.5c); 
4. The bi-component epoxy resin was prepared according to the requirements provided by the 
supplier (see Figure 4.5c). The CFRP laminate strip was properly cleaned with a solvent 
and the adhesive was applied on the surface of the CFRP laminate (see Figure 4.5d), 
with a target minimum regular thickness of 1.5 mm along a total length of 272 mm 
(corresponding to the length of the plate) plus 250 mm (which was considered an adequate 
upperbound value for the bonded length of the laminate according to formulations 
suggested by technical literature, [5], in order to exceed the effective bond length); 
5. A similar epoxy layer was applied on the cleaned concrete surface and the laminate was 
carefully placed centred on the surface of the concrete block (see Figure 4.5f); 
6. The surface of the anchorage plate was slightly grinded with sandpaper and cleaned with 
a solvent before applying the same batch of epoxy resin that was applied on the CFRP 
laminate and the concrete (see Figure 4.5e); 
7. Then, the metallic plate, which had 6 holes of 18 mm diameter to accommodate 6 bolt 
anchors of 16 mm, was placed on its predefined location (see Figure 4.5g); 
8. Just after the mechanical anchorage was placed in its correct place, it was torqued to the 
concrete element with the aid of a dynamometric key that ensured the target level of 
compressive stress (torque level of 30, 100, 150 and 200 N·m, see Figure 4.5h); 
According to the adhesive’s supplier [11], the epoxy is fully cured after 3 days at 20 ºC. Specimens 
were kept in laboratory premises (average temperature of 20 ºC and 55% of relative humidity) for 
a period of 7 days before testing. Aluminium tabs were glued at the end of the laminate for not 
damaging the CFRP when hold by the clamping system. 
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It is commonly accepted that the bond stress of the concrete-FRP interface highly depends on the 
concrete roughness [12–14]. For that purpose, the concrete roughness characteristics after 
sandblasting procedure were measured in all blocks at three different locations (one at the middle 
of the bonded length, and two on the metallic anchorage zone) with a laser sensor - each sample 
with a total length of 150 mm. The properties of the measuring device are further detailed in Section 
2.2.4 of Chapter 2.  
 
Figure 4.5: Specimens calendar and strengthening procedures. 
 
Up to now, there is not a standard parameter to evaluate the concrete roughness in EBR 
applications, reason why in the current work the concrete roughness was evaluated following the 
Model Code 2010 [13]. Three parameters are generally used to evaluate the surface roughness on 
concrete-to-concrete interfaces [13]: the average roughness 𝑅𝑎, the root mean square 𝑅𝑞 and the 
peak to valley height 𝑅𝑡. Table 4.2 presents these roughness parameters, the maximum valley 
depth (𝑅𝑣) and the maximum peak height (𝑅𝑝). The procedure used herein to obtain these 
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parameters is described in Section 2.2.4 of Chapter 2. According to Model Code 2010 [13], the 
results included in Table 4.2 correspond to a smooth surface roughness. Only in 3% of the 
assessed lengths, a peak-to-valley-deviation higher than 3 mm (rough surface roughness) was 
observed. It is worth emphasising that this concrete-to-concrete interfaces categorisation (very 
smooth, smooth, rough and very rough) presented in the Model Code 2010 [13] is useful for design 
purposes (shear resistance). However, in EBR applications a different categorisation should be 
considered, taking into consideration recent studies on this subject [14–16]. 
Table 4.2 
Concrete surface roughness. 
 𝑹𝒂  
[mm] 
𝑹𝒒  
[mm] 
𝑹𝒗  
[mm] 
𝑹𝒑  
[mm] 
𝑹𝒕  
[mm] 
Minimum 0.116 0.147 -1.573 0.534 1.098 
Maximum 0.244 0.296 -0.374 2.678 3.525 
Average 0.167 0.217 -0.888 0.955 1.843 
CoV 19.03% 17.94% -26.24% 41.17% 25.35% 
Note: 𝑹𝒂 – Arithmetic average of absolute values; 𝑹𝒒– Root mean squared; 𝑹𝒗 – Maximum valley depth; 
𝑹𝒑 – maximum peak height; 𝑹𝒕 – Maximum height of the profile. 
4.3  Tests performed at room temperature 
As previously described, in the pull-out tests one extremity of the laminate was pulled while the 
other was fixed against the concrete with a bonded region of 250 mm (EBR component) followed 
by the transversely compressed metallic anchorage with 272 mm of length (anchorage component). 
Firstly, the bonded region supports the increasing loads but when its maximum capacity is attained 
the new load increments are supported by the compressed metallic anchorage. In the current 
section the experimental results from Series 1 (tests performed at room temperature) are presented 
and discussed. Additionally, an analytical prediction is carried out to understand better the 
debonding process of the EBR component. 
4.3.1 Load-Slip behaviour 
All concrete specimens experienced a similar pattern in terms of load-slip behaviour, which is 
represented in Figure 4.6. A first almost linear branch, governed by the EBR component, with a 
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steep slope being observed in the loaded end until EBR debonding (Figure 4.6: 0-1). During this 
phase, the slip registered in the mid end is negligible, meaning that all the force is carried by the 
bonded length outside the mechanical anchorage. Next, the debonding starts to occur (Figure 
4.6: 1). During the debonding process (Figure 4.6: 1-2), the load does not increase whilst the 
slip increases considerably due to the elastic energy accumulated in the bonded length. At the end 
of the debonding phase, the mid end immediately starts to register some slip; at that point, the 
mechanical anchorage activates. The pull-out test was controlled by the displacement of the 
laminate loaded end and, due to the configuration of the test, the transition from the EBR to the 
anchorage, although swift, occurred without damaging the CFRP laminate and without any loss in 
the total pull-out force. Once all the bonded length of the laminate is detached from the concrete 
surface, the CFRP laminate is firmly held between the clamping system and the mechanical 
anchorage plate, facing a continuous increase in its strain and sustained load. Due to the elastic 
behaviour of the CFRP laminate, a fairly linear load-slip response is registered in all cases. Finally, 
in the last stages of the test (Figure 4.6: 3-4), the laminate strain continues increasing but its 
linearity is lost due to some minor slip taking place in the mechanical anchorage and the aggregate 
interlock that exists at the CFRP/concrete interface (debonded zone). The test typically fails by 
CFRP rupture; consequently, LVDT-3 (free end) generally registers negligible results. The data from 
LVDT-3 can be, however, interpreted as an indication of the level of damage inside the metallic 
anchorage. The data registered in all three LVDTs is analysed in the following sub-chapters 4.3.2 
and 4.3.3.  
By subtracting the displacement obtained in LVDT 2 (mid end) from displacement obtained in LVDT 
1 (loaded end), the effect of this minor slip derived from the mechanical anchorage can be removed 
from the loaded end slip. As a result, a linear load-slip curve is obtained after the debonding phase 
(black dashed line in Figure 4.6). The average slope of each curve allows the computation of the 
elastic modulus of each CFRP laminate and the values are similar to those obtained in the material 
characterization (169 GPa, 173 GPa and 162 GPa for the laminates of 50 mm, 80 mm and 
100 mm, respectively). Also, these curves showed that the influence of the aggregate interlock that 
exists at the deboned zone is relatively small (less than 4.7%). Finally, a line representing the axial 
stiffness of the CFRP laminate is also shown in Figure 4.6 for comparison purposes (dashed 
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green line). The load-slip curve without considering the mid end slip compares relatively well with 
the axial stiffness of the CFRP.  
 
 
Figure 4.6: Typical load-slip at the loaded end and mid end (L50_T30_SS20). Note: The point “A” 
shows the stage when the velocity of the test was increased from 0.3 mm/min to 2.0 mm/min. 
 
In Figure 4.7, the load-slip behaviour of all specimens is represented at the loaded end, mid end 
and free end for comparison purposes. The dependence of laminate width is clearly observed in 
terms of stiffness and load carrying capacity of the overall system: the wider the laminate, the 
higher the stiffness and capacity. The influence of the level of torque can be also appreciated in the 
bond shear stress-slip curves after debonding of the EBR component: lower values of torque 
provide, in general, a less stiff response in terms of pullout-slip, meaning that more damage is 
generated inside the mechanical anchorage. On the contrary, higher levels of torque cause slightly 
stiffer responses. Therefore, specimens with the smallest level of toque (30 N·m) exhibit the highest 
ultimate slip and, as shown in Figure 4.7, as the torque level is increased, smaller values of the 
ultimate slip are observed at the loaded-end and at the mid-end. The values of slip at the free end 
are only illustrative of the potential movement of the laminate with respect to the metallic plate and 
the concrete; however, it is observed that lower values of torque (i.e. 30 N·m) provide more 
movement at the free end of the laminate, proving that the level of damage inside the metallic 
anchorage is higher in these cases than for higher torque values.  
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Figure 4.7: (a) Location of the LVDTs and load-slip curves: (b) at loaded end, (c) at mid end, and (d) at 
free end. All units in [mm]. 
 
4.3.2 EBR component 
4.3.2.1 Debonding load and fracture energy 
The debonding load (𝑃𝑑𝑒𝑏,𝑒𝑥𝑝, Table 4.3) is defined in this experimental programme as the load 
at which the laminate (at the EBR component) is debonded from the concrete substrate and, 
consequently, the mechanical anchorage starts to carry the entire load. Because the anchorage 
component had a length higher than the effective bond length, it was possible to obtain a very 
stable value of the debonding load (Figure 4.6: 1-2), which represents the asymptotic value of the 
transmissible force by an anchorage of infinite length (without compressive stresses). In this 
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experimental programme, the debonding process is observed to occur suddenly and abruptly in all 
cases. Moreover, the failure mode obtained is cohesive in the concrete, a few millimetres beneath 
the concrete/epoxy interface, as it is well reported in the literature [17]. 
Table 4.3 
Experimental debonding loads and comparison with analytical predictions. 
Specimen 𝑷𝒅𝒆𝒃,𝒆𝒙𝒑  
[kN] 
𝑷𝒅𝒆𝒃,𝒂𝒗𝒆  
[kN] 
𝑮𝒇,𝒆𝒙𝒑  
[N/mm] 
𝑮𝒇,𝒕𝒉𝟏  
[N/mm] 
𝑮𝒇,𝒕𝒉𝟐  
[N/mm] 
𝑷𝒅𝒆𝒃,𝒕𝒉  
[kN] 
𝜼  
 
Series 1: Tests performed at room temperature 
     L50_T30_SS20 26.85 
26.25 
(6.0%) 
0.65 0.69 0.64 26.02 1.01 
     L50_T100_SS20 23.54 
     L50_T150_SS20 27.30 
     L50_T200_SS20 27.30 
     L80_T30_SS20 46.48 
43.17 
(5.0%) 
0.71 0.69 0.64 40.94 1.05 
     L80_T100_SS20 42.70 
     L80_T150_SS20 43.00 
     L80_T200_SS20 40.50 
     L100_T30_SS20 48.10 
48.73 
(10.8%) 
0.58 0.69 0.64 51.00 0.96      L100_T100_SS20 55.50 
     L100_T150_SS20 42.60 
Notes: The values between parentheses are the corresponding CoV. 
𝑷𝒅𝒆𝒃,𝒆𝒙𝒑 – Debonding load; 𝑷𝒅𝒆𝒃,𝒂𝒗𝒆– Average debonding load; 𝑮𝒇,𝒆𝒙𝒑 – Fracture energy computed with equation 
(4.3); 𝑮𝒇,𝒕𝒉𝟏 – (Predicted) Fracture energy computed with equation (4.4); 𝑮𝒇,𝒕𝒉𝟐 – (Predicted) Fracture energy 
computed with equation (4.5);  𝑷𝒅𝒆𝒃,𝒕𝒉 – (Predicted) Debonding load computed with equation (4.7); and 𝜼 – ratio 
between the 𝑷𝒅𝒆𝒃,𝒂𝒗𝒆 and 𝑷𝒅𝒆𝒃,𝒕𝒉. 
 
In the case where the CFRP laminate and adhesive properties were identical, equal values of 
ultimate debonding strength would be assumed for all specimens, and hence a linear dependence 
of 𝑃𝑑𝑒𝑏,𝑒𝑥𝑝 on the laminate width would be expected. As stated before, according to the literature 
[5,17,18] the used bonded length (250 mm) surpasses the theoretical effective length, 𝑙𝑒, in this 
case of 200 mm [5], needed to achieve the maximum debonding load. Although different CFRP 
modulus of elasticity were observed, the relation between the mean value of 𝑃𝑑𝑒𝑏,𝑒𝑥𝑝 and the 
laminate width can be assumed to be linear (a constant value of 0.520 kN (CoV= 8.2%) per unit 
length of CFRP width was obtained for all specimens).  
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In general terms, the fracture energy associated to the bond shear stress-slip law 𝜏(𝑠) in the 
bonded length, 𝐺𝑓, can be expressed as: 
𝐺𝑓 = ∫ 𝜏(𝑠)𝑑𝑠
∞
0
 (4.1) 
Assuming a stiffness in concrete much higher than the stiffness of the EBR reinforcement, the 
equilibrium of energies can be assumed in the section where the maximum stress 𝜎𝑓 in the CFRP 
strip is applied and the following relationship can be deduced for a unit length [19]: 
∫
1
2
𝜎𝑓𝜀𝑓𝑑𝐴
𝐴𝑓
= 𝑤 ∫ 𝜏(𝑠)𝑑𝑠
∞
0
 (4.2) 
Hence, the value of the fracture energy 𝐺𝑓  corresponding to debonding load, 𝑃𝑑𝑒𝑏, can be 
calculated as: 
𝐺𝑓 =
𝑃𝑑𝑒𝑏
2
2𝐸𝑓𝑤𝐴𝑓
 (4.3) 
where 𝐴𝑓, 𝐸𝑓 and 𝑤 are the cross-section area, the modulus of elasticity and the width of the 
CFRP laminate, respectively. The values of 𝐺𝑓 calculated according to Eq.(4.3) , taking into account 
the experimental values of 𝑃𝑑𝑒𝑏,𝑒𝑥𝑝 are also shown in Table 4.3. As expected, 𝐺𝑓 keeps almost 
constant for all the specimens, ranging between 0.58 and 0.71 N/mm. 
The experimental values of 𝐺𝑓 can be compared with the ones predicted by different analytical 
approaches. For this particular case, CNR [5] predictions are assumed. CNR proposes a value for 
the design fracture energy (Eq. (4.4) – in [N/mm]) depending on the concrete compressive and 
tensile strengths (𝑓𝑐𝑚 and 𝑓𝑐𝑡𝑚, respectively – in [N/mm2]), a confidence factor (𝐹𝐶), adopted 
equal to 1, a geometrical corrective factor 𝑘𝑏 (dimensionless parameter) and an additional 
corrective factor taking into account the bonding system 𝑘𝑐 (pre-cured or wet lay-up systems are 
considered), in [mm] : 
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𝐺𝑓 =
𝑘𝑏𝑘𝐺
𝐹𝐶
√𝑓𝑐𝑚𝑓𝑐𝑡𝑚 
(4.4) 
The theoretical results obtained with Eq. (4.4) assuming 𝑘𝑐 equal to 0.063 mm (mean value for a 
pre-cured system, [5]) are presented in Table 4.3. It is observed a reasonable good fit between 
theoretical and experimental values, with a slight trend to theoretically overestimate 𝐺𝑓. In fact, on 
average, 𝐺𝑓 obtained experimentally is equal to 0.65 N/mm, whereas according to the CNR is 
equal to 0.69 N/mm. 
The influence of the concrete roughness on the bond shear stress-slip behaviour has been 
previously reported in the literature [20], and some studies have provided a roughness coefficient 
to take into account its influence on 𝐺𝑓 [14,21]. Iovinella et al. [14], for instance, adjusted the CNR 
formulation (Eq. (4.4)) thought a roughness factor 𝐼𝑅 that considers the average of individual 
measures peak-to-valley heights and the inclination angle of the profile. A more recent study [21] 
has proposed an improvement of Eq. (4.4) to consider the effect of the roughness of the concrete 
surface on the calculation of the fracture energy, by only considering a roughness coefficient 𝑘𝑅 
(dimensionless parameter based on the average roughness, 𝑅𝑎): 
𝐺𝑓 =
𝑘𝑏𝑘𝐺𝑘𝑅
𝐹𝐶
√𝑓𝑐𝑚𝑓𝑐𝑡𝑚 
(4.5) 
were, 
𝑘𝑅 = 1.1𝑅𝑎 + 0.8 
(4.6) 
In Figure 4.6, the value of 𝐺𝑓 taking into account the roughness coefficient (𝐺𝑓,𝑡ℎ2) is shown 
together with the experimental value and the one obtained by Eq. (4.5). It can be easily observed 
that for this experimental programme, the approach proposed by [21] provides a better fit to the 
experimental values.  
The ultimate strength, 𝑓𝑓𝑑𝑑 [5], defined as the maximum allowed strength before debonding 
assuming that the provided bonded length is equal or larger to the optimal bonded length, is 
assumed to be:  
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𝑓𝑓𝑑𝑑 =
1
𝛾𝑓,𝑑
√
2𝐸𝑓𝐺𝑓
𝑡𝑓
 (4.7) 
where 𝛾𝑓,𝑑 is a partial safety factor. In Table 4.3, the ultimate strength has been calculated 
considering a safety factor 𝛾𝑓,𝑑 of 1.0 in order to obtain the theoretical value of 𝑃𝑑𝑒𝑏 and 
considering the theoretical value of 𝐺𝑓 obtained by Eq. (4.5). The η value shows the ratio between 
the experimental (𝑃𝑑𝑒𝑏,𝑒𝑥𝑝) and the predicted (𝑃𝑑𝑒𝑏,𝑡ℎ) value for 𝑃𝑑𝑒𝑏. In general terms, the 
experimental value of 𝑃𝑑𝑒𝑏 is in accordance (with a confidence interval of ±5%) with the predicted 
by CNR taking into account the roughness coefficient 𝑘𝑅. Figure 4.8 shows the values of the 
debonding and the ultimate load for all the specimens, together with theoretical predictions. The 
theoretical prediction of the debonding load was obtained from equations (4.3) and (4.7). A good 
relation between the experimental debonding load, 𝑃𝑑𝑒𝑏,𝑒𝑥𝑝 (grey bars) and the predicted 
debonding load, 𝑃𝑑𝑒𝑏,𝑡ℎ, (black bars) can be observed. 
4.3.2.2 Strain profile in the CFRP laminate 
The strain profile along the CFRP laminate in its bonded length, which in this study was assumed 
to be 250 mm, can provide information about the active transfer length at different levels of load. 
The strain profile obtained from the L50_T30_SS20 and L80_T30_SS20 is presented in Figure 
4.9a and Figure 4.9b, respectively. Both graphs show that the activated length increases with 
the applied load, and complete debonding takes place when there is no more undeformed bonded 
length. It can be seen that the strain at the loaded end (S1, x = 0 mm) increases with the load from 
the beginning of the test at an almost constant rate, as expected. At the beginning of the debonding 
process, the load is transferred to the next strain gauge, and, in most cases, it is transferred to the 
next strain gauge in a relatively sudden pattern with almost no increase in load (Figure 4.9a). In 
other cases, the debonding process is somehow less abrupt, and the load is transmitted through 
the bonded length with a slight increase of its value (Figure 4.9b). Once debonding has taken 
place, the strain in the laminate increases in a similar strain rate in all positions. 
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Figure 4.8: Debonding load and ultimate load. Notes: (a) The ultimate load was not registered due to a 
technical problem (data acquisition system). This value is the expected value, considering the failure 
mode (CFRP rupture); (b) Premature CFRP slippage from the clamping system. 
 
 
  
  
Figure 4.9: Strain profile in the CFRP laminate for (a) L50_T30_SS20, (b) L80_T30_SS20. 
Note: exceptionally, in L50_T30_SS20 six strain gauges spaced by 50 mm were used. 
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4.3.2.3 Bond stress-slip curves 
The local bond stress-slip curve along the bonded length can be easily derived from the strain 
values. The mean bond shear stress between two consecutive strain gauges (𝜏𝑖+1/2) was 
calculated by equilibrium between the tensile pull-out force carried by the CFRP laminate and the 
shear force supported at the interface between concrete and laminate: 
𝜏𝑖+1/2 = 𝐸𝑓𝑡𝑓
𝜀𝑖+1 − 𝜀𝑖
𝑥𝑖+1 − 𝑥𝑖
 (4.8) 
 
where 𝑡𝑓 is the thickness of the CFRP laminate, 𝜀𝑖 and 𝜀𝑖+1 are the strain values at “𝑖” and “𝑖 +
1” locations, respectively, and 𝑥𝑖 and 𝑥𝑖+1 are the locations of the strain gauges. Similarly, the slip 
of the CFRP laminate at the mean location “𝑖 + 1/2” (𝑠𝑖+1/2) was calculated by integrating the 
experimental values of strain: 
𝑠𝑖+1/2 = 𝑠𝑖−1/2 +
𝜀𝑖 + 𝜀𝑖+1
2
(𝑥𝑖+1 − 𝑥𝑖) 
(4.9) 
 
A typical bond shear stress versus slip relationship is depicted in Figure 4.10. This figure presents 
the experimental bond shear stress-slip curves and the average experimental bond shear-slip curve. 
A first fairly linear ascending branch is observed in all cases up to 50% of the peak value of the 
bond stress τmax. The ascending branch is observed to be similar amongst the different pairs of 
strain gauges. After the peak bond stress is attained, the typical softening descending curve is 
registered, albeit the scatter of results is higher in this case. An upperbound value of 0.30 mm is 
considered for the maximum slip for not interfering with the results derived from the mechanical 
anchorage. 
There are several approaches in the literature to model the local bond shear stress-slip law of 
FRP/concrete interfaces [22–24]. In this work, the law described in [25], adapted from [26], is 
adopted and calibrated to the experimental results:  
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𝜏(𝑠𝑝) = 𝜏̅
𝑠𝑝
?̅?
𝑛
(𝑛 − 1) + (𝑠𝑝 ?̅?⁄ )
𝑛 (4.10) 
where 𝜏 and 𝑠 are the interface shear stress and slip, 𝜏̅ and ?̅? represent the maximum shear stress 
and its corresponding slip, and n (> 2) is the parameter governing the descending branch (higher 
values of n diminish the fracture energy of the system, whereas values lower than 2 provide negative 
and/or finite quantity values of the fracture energy, [25]).  
 
Figure 4.10: Typical adjustment curve of local bond shear stress – slip law (L80_T30_SS20). 
 
The resultant parameters 𝜏̅, ?̅? and n have been calibrated to the bond stress-slip law by a least-
squares methodology and are summarised in Table 4.4 for the tested specimens. In general 
terms, the resultant parameters are relatively similar to the ones obtained in [20]. The maximum 
bond stress (𝜏̅) tends to reduce with the laminate width, being its value between 3.23 and 4.97 
MPa. The influence of the width of FRP plate on the debonding process was recently investigated 
in [27]. In their study, the authors conclude that the maximum stress is higher near the FRP plate 
edge than in its centre due to the non-homogeneity of material at the mesoscale level and due to 
the difference between the elastic modulus between FRP and concrete. Based on the width effect 
reported by [27], variations in the maximum shear stress 𝜏̅ can be expected for each laminate 
width because the experimental values were measured in the centre of the CFRP laminate. The 
corresponding slip and the 𝑛 parameter, however, do not present a clear trend depending on the 
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laminate width. In Figure 4.11, the mean experimental bond shear stress-slip curve is depicted 
for each case, together with its adjusted analytical expression.  
Table 4.4 
Experimental parameters for adjustment of the bond stress-slip law in Eq. (4.10).. 
Specimen ?̅?  
[MPa] 
?̅?  
[mm] 
𝒏  
 
?̅?𝒂𝒗𝒆  
[MPa] 
?̅?𝒂𝒗𝒆  
[mm] 
𝒏𝒂𝒗𝒆  
 
Series 1: Tests performed at room temperature 
     L50_T30_SS20 4.62 0.077 2.8 
4.79 
(2.74%) 
0.081 
(12.91%) 
3.33 
(18.46%) 
     L50_T100_SS20 4.72 0.070 3.4 
     L50_T150_SS20 4.86 0.098 4.3 
     L50_T200_SS20 4.97 0.078 2.8 
     L80_T30_SS20 4.67 0.108 6.4 
4.15 
(10.49%) 
0.089 
(12.69%) 
4.30 
(28.53%) 
     L80_T100_SS20 4.48 0.087 3.7 
     L80_T150_SS20 3.85 0.080 3.3 
     L80_T200_SS20 3.61 0.081 3.8 
     L100_T30_SS20 3.23 0.070 2.9 
3.53 
(9.18%) 
0.077 
(12.51%) 
3.43 
(14.53%) 
     L100_T100_SS20 3.98 0.091 3.3 
     L100_T150_SS20 3.38 0.071 4.1 
Notes: The values between parentheses are the corresponding CoV. 
4.3.3 Anchorage component 
4.3.3.1 Debonding load and fracture energy 
The results, in terms of ultimate load and failure mode are shown in Figure 4.5. Contrary to what 
was obtained in the experimental campaign with RC slabs (see Chapter 2 and Chapter 3), the 
rupture of the laminate was attained in most of the cases, proving the good performance of the 
mechanical anchorage in the actual test setup.  
The ultimate load 𝑃𝑢 was defined as the load at which the whole specimen faced failure. As 
expected, in those cases where the rupture of the CFRP laminate was attained, a clear dependence 
between 𝑃𝑢 and the laminate width was observed. In these cases, 𝑃𝑢  was adequately predicted by 
the tensile strength obtained from characterization of the CFRP laminates, and a maximum 
difference between the predicted (from tensile tests) and experimental (from pull-out tests) 𝑃𝑢 of 
6.9% was obtained. In the particular case of L80_T150_SS20 specimen, the value of ultimate load 
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was not possible to acquire, due to slippage of the laminate from the clamping system, and in the 
case of L100_T150_SS20, the ultimate load was not registered due to an acquisition problem 
during the last stages of the test. The only specimen that faced slippage of the CFRP laminate from 
the mechanical anchorage system was L100_T30_SS20, at a load of 280.80 kN, which was 
approximately 94% of the capacity of the laminate. The ultimate load is presented in Figure 4.8 
which allows for a visible comparison between the experimental results (light blue bars) and the 
expected ultimate load (dark blue bars) considering the maximum CFRP strength.  
 
 
  
  
Figure 4.11: Experimental mean and adjusted local bond shear stress–slip law for (a) L50, (b) L80 
and (c) L100 specimens. 
The ultimate strain shown in Table 4.5 is the maximum strain registered by the strain gauges all 
along the bonded length at the ultimate load. In the cases where the rupture of the laminate is 
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attained, its value is very close to the ultimate strain obtained by the characterization of the CFRP 
laminate, being the ratio theoretical/experimental ultimate strain between 0.92 and 1.18. 
Based on the observed failure modes and values of normal stress attained in the CFRP laminate 
at the ultimate load, it can be concluded that the studied anchorage system did not cause 
premature failure of the CFRP laminate, mainly due to gripping effects. 
Table 4.5 
Experimental values at ultimate and mode of failure. 
Specimen 𝑷𝒖  
[kN] 
𝑷𝒖,𝒂𝒗𝒆  
[kN] 
𝜺𝒖  
[%] 
𝜺𝒖,𝒂𝒗𝒆  
[%] 
𝒔𝒖,𝟏  
[GPa] 
𝑽𝑫  
[%] 
Failure 
Mode 
Series 1: Tests performed at room temperature 
     L50_T30_SS20 134.06 
137.09 
1.30 
1.33 
5.09 72.22 R-CFRP 
     L50_T100_SS20 137.51 1.34 5.06 55.19 R-CFRP 
     L50_T150_SS20 137.58 1.35 4.91 0.00 R-CFRP 
     L50_T200_SS20 139.21 1.34 4.57 0.00 R-CFRP 
     L80_T30_SS20 250.27 
252.49 (d) 
1.41 
1.47 (d) 
6.00 92.22 R-CFRP 
     L80_T100_SS20 258.78 1.51 5.36 79.63 R-CFRP 
     L80_T150_SS20 171.22 0.97 2.93 22.96 (a) -- (a) 
     L80_T200_SS20 248.43 1.49 5.18 58.51 R-CFRP 
     L100_T30_SS20 280.80 
295.79 (e) 
1.34 
1.38 (e) 
5.74 100.00 Slippage (b) 
     L100_T100_SS20 293.95 1.51 5.03 - R-CFRP 
     L100_T150_SS20 297.62 (c) 1.24 4.19 62.59 R-CFRP 
Notes: (a)Premature slippage from the clamping system; (b)Slippage from the anchorage system; (c)The ultimate load 
was not registered due to a technical problem. This value corresponds to the theoretically expected result; (d),(e)The 
specimens L80_T150_SS20 and L100_T30_SS20 were not included in the assessment of the corresponding 
parameters. 
𝑷𝒖 – Ultimate load; 𝑷𝒖,𝒂𝒗𝒆– Average ultimate load; 𝜺𝒖 – Ultimate strain; 𝜺𝒖,𝒂𝒗𝒆 – Average ultimate strain; 
𝒔𝒖,𝟏 – Ultimate slip at the loaded end; 𝑽𝑫– Percentage of visible damage. 
 
4.3.3.2 Influence of the torque level 
Although rupture of the CFRP laminate was the dominant failure mode, there is an intrinsic relation 
between the compressive stress level and anchorage performance, which could be observed in the 
present experimental programme. The ultimate slip registered at the loaded end (LVDT-1, Figure 
4.7b) was always higher than the expected elastic deformation of the CFRP laminate in the bonded 
length (250 mm) – between LVDT’s 1 and 2 – indicated that slip at mid-end always occurred. 
      
BOND BEHAVIOUR OF TRANSVERSELY COMPRESSED MECHANICAL ANCHORAGE SYSTEM 
 
162 
Furthermore, the ultimate slip increased with the decrease of the torque level, showing that 
increasing the compressive stress provided by torqueing the anchorage allowed less slip inside the 
mechanical anchorage.  The same relation can be observed in the mid end (LVDT-2, Figure 4.7c). 
For each laminate width, the specimens with the smallest torque level (30 N∙m, black line in Figure 
4.7c) presented the highest ultimate slip. In fact, the relation between the torque level and the slip 
in the metallic anchorage can be easily observed in the mid end because, contrary to the slip 
registered at the loaded end, the elastic deformation of the CFRP laminate can be neglected. As 
referred before, the slip registered in the free end (LVDT-3, Figure 4.7d) shows negligible results. 
Contrary to L100_T30_SS20, where the failure mode was slippage, the remaining specimens failed 
by CFRP rupture, thus making very difficult the correlation between the slip registered in the free 
end at the maximum load and the torque level. However, Figure 4.7d shows that during the pull-
out test some specimens exhibit higher movement on the free-end. The registered movement on 
LVDT-3 is related to the (increasing) degradation of the bond conditions provided by the anchorage 
system that occur during the increase of pull-out force. Here, a similar remark related to the level 
of torque can be made: for the lowest torque level and, consequently, the smallest compressive 
stress level on the anchorage component, the highest the damage on the inside of the metallic 
anchorage is observed.  
Finally, a measure of the level of visible damage inside the mechanical anchorage at the ultimate 
load was analysed by separating the metallic plate from the concrete specimen at the end of the 
pull-out test. As can be seen in Figure 4.12, there is a visible damage that can be observed over 
the laminate and in the metallic plate. The visible damage over the laminate is composed mainly 
by missing fragments of epoxy, which stayed glued to the metallic plate. This kind of damage was 
not observed on specimens L50_T150_SS20 and L50_T200_SS20. In these two specimens, a 
peculiar dark stain could be observed on the metallic anchor but no visible damage was observed 
over the laminate (in the adhesive). The dark stain can be also observed in other plates, however 
in these two cases no fragments of epoxy were detected. This area of visible damage has a 
rectangular shape with the same width of its respective laminate and variable length. Then, the 
length of the visible damage was recorded and, based on the measurements, the percentage of 
damage was assessed. The percentage of visible damage (𝑉𝐷) is the ratio between the damaged 
length and the total length of the plate (Table 4.5).  
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Figure 4.12:  Damage level observed in each anchorage plate. Note: (a) Estimation based on the 
observation of the damage zones of specimens L80_T100_SS20 and L80_T200_SS20; the edge of 
the observed visible damage is highlighted with two red triangles. 
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In general terms, the level of visible damage inside the metallic plate increased with the decrease 
of torque, which proved the effectiveness of a transversely compressed anchorage. In the case of 
L80_T150_SS20, the observed degree of visible damage was lower than expected due to the 
premature failure obtained in this test. On the other hand, the level of visible damage increased 
with the laminate width. Assuming a constant distribution of compressive stress (in transverse 
direction) along the laminate width, it is foreseen that for the same level of torque (and hence the 
same transverse force), a wider laminate receives less compressive stress and consequently the 
system suffers higher degree of damage. Finally, in most of the cases, it could be observed that 
the increase in visible damage along the laminate width was not evenly distributed, being more 
pronounced in the centre of the CFRP (see Figure 4.12). This observation indicates that there 
are, inside the anchorage, higher axial stresses in the centre of the laminate. In fact, the prestress 
of the anchor bolts slightly bended the anchorage plate (deformation not measured, just observed 
by naked eye) and, consequently, produced higher compressive stress in the extremities of the 
laminate. This bent deformation was not prevented in order to be representative of the real 
applications of this commercial anchorage system.  
Figure 4.13 plots the influence of the compressive stress level over the average tangential stress 
inside the anchorage for the load of failure. It should be pointed out that the area and shape of 
tangential stress distribution inside the anchorage region could not be precisely identified. Therefore 
the average tangential stress is based on the area of visible damage. Here, the area of visible 
damage is considered to be the area for which the tangential stresses are developed at the joint 
between laminate and concrete. The compressive stress level was computed based on the prestress 
applied in the six M16 anchor bolts and the area of the CFRP laminate in contact with the metallic 
plate. The prestress level was measured with a dynamometric key and, simultaneously, in two of 
the six bolts of each anchorage system, using strain gauges. Because the strain in the monitored 
anchor bolts was constantly measured it was possible to observe that the compressive stress level 
was the same in the test day. 
Because the average tangential stress and compressive stress level exhibit a good relation, it can 
be foreseen that the anchorage ultimate load capacity can be increased with the torque level applied 
in the M16 anchor bolts. In Figure 4.13 specimens L50_T150_SS20 and L50_T200_SS20 were 
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not represented because the visible damage (mobilized anchorage zone) was close to zero, being 
the level of tangential stresses in this zone very high.  
 
Figure 4.13: Effect of transverse compressive stress in the tangential stress. 
 
As referred before, the maximum load attained at failure corresponds to the maximum tensile 
capacity of the FRP. In consequence, applying a compressive stress in the anchorage region seems 
to be a practical solution for increasing the anchorage resistance. However, the ultimate load 
capacity of the anchorage could be reduced due to environmental exposure, thermal or loading 
cycling, as is the case of the observations in Chapter 3. 
 
4.4  Tests performed at elevated temperature 
The present section shows the results of the tests performed at elevated temperatures, namely, 
from steady state tests carried out at 60 ºC and 80 ºC and from all transient tests (Series 2). The 
following discussion is divided into two sections: one for to the steady-state test results, and the 
other for the transient test results. In both cases, the analysis foresees on the overall behaviour, 
debonding process and failure modes. Table 4.6 summarizes the obtained results. For sake of 
better understanding, this table also incorporates some results from Series 1 (tests performed at 
room temperature, see Section 4.3) which are compared with the outputs of the test Series 2.  
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4.4.1 Steady state tests 
4.4.1.1 Load-slip behaviour 
Typical load-slip response at the loaded-end, the mid-end and free-end are illustrated in Figure 
4.14a for the specimens tested at room temperature (20 ºC) and in Figure 4.14b for the 
specimens tested at 60ºC. As referred before, the tests at room temperature starts with an almost 
linear branch at the loaded-end. At the mid-end and at the free-end the registered slips are negligible 
and, consequently, the pull-out load is supported exclusively by the bonded length outside the 
mechanical anchorage. Then the debonding of the EBR component starts to occur and, during this 
phase the load remains almost constant whilst the slip increases considerably due to the elastic 
energy accumulated in the bonded length and due to the deformation of the new portion of CFRP 
strip that slips. The end of the debonding process in the EBR component is reached when the LVDT-
2 starts to register displacements in the mid-end. After this stage, as the load increases so does 
the relative displacement at the loaded-end and the mid-end sections, until rupture of the CFRP is 
attained. In this last stage (after debonding), a fairly linear load-slip response is registered in all 
cases. Failure was obtained when the CFRP laminate reached its maximum tensile capacity. The 
LVDT-3, placed at the free-end, generally does not register any movement during the test. From 
these results it was clear that the mechanical anchorage used in this experimental programme 
provided adequate transverse confinement of the laminate to the concrete substrate regardless of 
the applied confinement level. 
When the test temperature was 60 ºC, the load-slip behaviour significantly changed. In the early 
stages of the test, as the pull-out load increased, also did the slip registered with the LVDT-1. 
However, the relative displacement in the mid-end does not remain null. While the debonding 
process of the EBR component is in course, the LVDT-2 shows a small but consistent displacement 
increase with the load. These results demonstrate that since early stages of the test the anchorage 
zone supports part of the load. As the pull-out load increases and the debonding process evolves, 
the fraction of load supported at the EBR component decreases. Further details of the debonding 
process are given in the following section. From this stage onwards, the slip increases in both 
locations (loaded-end and mid-end). Then, the maximum force is reached and displacements in 
the free-end are also observed, marking the anchorage failure (slippage). Then, the displacements 
   CHAPTER 4   
      
 
167 
at the three locations (loaded-end, mid-end and free-end) increase while the pull-out load decreases. 
However, the load does not decrease to zero, but stabilizes at a load level that represents a residual 
bond stress. This last behaviour was also observed in other works, e.g. Biscaia [28]. 
  
  
Figure 4.14: Typical load-slip behaviour for specimens tested (a) at room temperature 
(L100_T100_SS20) and (b) at elevated temperatures (L100_T100_SS60). Note: The point “A” shows 
the stage when the velocity of the test was increased from 0.3 mm/min to 2.0 mm/min. 
 
4.4.1.2 Debonding process 
Like the load-slip behaviour, the debonding process of the EBR component in specimens tested at 
room temperature was different from those tested at elevated temperatures. Figure 4.15 shows 
the strain evolution in the EBR component of specimens with the laminate of 100 mm and torque 
of 100 N∙m, tested at different temperatures. The debonding load, 𝑃𝑑𝑒𝑏, and temperature in the 
EBR component during the debonding process, 𝑇𝑑𝑒𝑏, are presented in Table 4.6. During the first 
stages of loading at room temperature (20 ºC), the strain has a peak value at the loaded-end 
(location x=0mm, see Figure 4.15a) and null values near the anchorage plate (location 
x=250mm, see Figure 4.15a). As the test continues, more bonded area of EBR component is 
needed to support the additional loads and a change can be observed in the strain profile. When 
the length of the EBR component needed to support the load equals the effective bond length, 𝑙𝑒, 
the maximum debonding load is reached. As stated in Section 4.2.1, according to the CNR [5] the 
𝑙𝑒 of the tested specimens is around 200 mm. However, in the current test, the load does not 
remain constant until failure because the mechanical anchorage holds the CFRP extremity and 
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avoids premature failure. At room temperature, the debonding load was set when the LVDT-2 starts 
to register movement. At this exact time, the strain near the anchorage plate increases significantly 
as does the slip at the mid-end (see Figure 4.14a and Figure 4.15a). Immediately after this 
point, the strain and slip continue to increase but at a lower rate and the CFRP laminate is 
completely detached from the concrete surface in the EBR component. 
Table 4.6 
Main results from tests performed at high temperature. 
Specimen 𝑻𝒅𝒆𝒃  
[ºC] 
𝑷𝒅𝒆𝒃  
[kN] 
𝑻𝒖  
[ºC] 
𝑷𝒖  
[kN] 
𝜺𝒖  
[%] 
𝒔𝒖,𝟏  
[mm] 
𝒔𝒖,𝟐  
[mm] 
𝑷𝒓𝒆𝒔  
[kN] 
Failure 
Mode 
Series 1: Tests performed at room temperature 
   L80_T100_SS20 20.0(a) 42.7 20.0(a) 258.8 1.51 5.4 2.1 0.0 R-CFRP 
   L80_T150_SS20 20.0(a) 43.0 20.0(a) 171.2(b) 0.97(b) 2.3(b) 0.8(b) 0.0 -(b) 
   L100_T100_SS20 20.0(a) 55.5 20.0(a) 294.0 1.51 5.0 1.6 0.0 R-CFRP 
   L100_T150_SS20 20.0(a) 42.6 20.0(a) 297.6(c,d) 1.53(c,d) 4.2(c,e) 1.2 (c,e) 0.0 R-CFRP 
Series 2: Tests performed at high temperature 
   L80_T150_SS60 49.3 82.6(f) 60.8 132.8 0.78 2.9 1.4 87.0 Slippage 
   L80_T150_SS80 69.0 46.0(f) 80.5 123.3 0.72 2.5 1.0 86.4 Slippage 
   L100_T100_SS60 50.2 60.6(f) 60.5 157.1 0.76 3.5 1.3 103.3 Slippage 
   L100_T100_SS80 66.8 51.5(f) 80.3 104.6 0.49 2.1 0.7 75.7 Slippage 
   L100_T150_SS60 53.8 59.9(f) 60.5 189.0 0.91 3.4 1.2 125.1 Slippage 
   L100_T150_SS80 64.5 64.9(f) 80.4 122.6 0.59 2.3 1.0 84.9 Slippage 
   L100_T200_SS60 67.3 40.2(f) 60.3 166.5 0.83 3.3 1.5 117.8 Slippage 
   L100_T100_CL100 30.0 68.0 67.7 120.0 - - - - Slippage 
   L100_T100_CL120 28.0 54.5 63.4 120.0 - - - - Slippage 
   L100_T150_CL100a 29.5 60.1 80.0 100.0 - - - - Slippage 
   L100_T150_CL100b 30.0 58.3 80.0 100.0 - - - - Slippage 
   L100_T150_CL120a 29.7 60.1 64.2 120.0 - - - - Slippage 
   L100_T150_CL120b 29.4 69.9 71.2 120.0 - - - - Slippage 
Notes: (a) Estimated temperature based on the room temperature; (b) Premature failure from the clamping system; (c) The 
ultimate load, strain and relative displacement were not registered due to a technical problem; (d) This value corresponds 
to the theoretical expected result; (e) This value corresponds to the last registered value, at a load of 252 kN; (f) a fraction 
of the load was supported by the anchorage. 
𝑻𝒅𝒆𝒃 – Temperature in the bonded length during the debonding process; 𝑷𝒅𝒆𝒃 – Debonding load; 𝑻𝒖 – Temperature in 
the anchorage region at failure; 𝑷𝒖 – Load at failure; 𝜺𝒖 – CFRP strain at failure; 𝒔𝒖,𝟏– Slip at failure registered at the 
loaded-end; 𝒔𝒖,𝟐 – Slip at failure registered at the mid-end; 𝑷𝒓𝒆𝒔 – Residual load. 
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Figure 4.15: Strain profiles at: (a) 20 ºC (L100_T100_SS20); (b) 30 ºC (L100_T100_CL100); (c) 60 
ºC (L100_T100_SS60); and (c) 80 ºC (L100_T100_SS80). 
 
The debonding process observed in the specimens tested at elevated temperatures was different 
since their early stages. Results show an almost linear strain evolution (see Figure 4.15c and see 
Figure 4.15d), with a peak strain value on the loaded-end (location x=0mm) and a gradual 
decrease towards the anchorage plate (location x=250mm). All strain gauges show a continuous 
increase in strain since the test onset and, during the debonding process, the shape of the strain 
profile remains almost unaffected. Also, the LVDT-2 starts to register relative displacement since 
the initial stages of the test. Contrary to tests carried out at room temperature, where the complete 
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debonding of the EBR component was observed with the swift and simultaneous increase of values 
at the LVDT-2 and at the strain gauge near the anchorage plate, in tests carried out at elevated 
temperatures, the strain gauge near the anchorage plate and the LVDT2 started to register 
movement before the CFRP laminate was completely detached. As can be seen in Table 4.6, for 
the case of the tests at elevated temperatures the temperature in the EBR component during the 
debonding process, 𝑇𝑑𝑒𝑏, surpassed the epoxy’s 𝑇𝑔. The transition from a solid to a rubber-like 
state is a continuous process over a temperature range of 10-20 ºC [29] and, during the steady-
state tests, the epoxy adhesive at the EBR component either was at the beginning (𝑇𝑑𝑒𝑏≈51.1 ºC 
for L80_T150_SS60, L100_T100_SS60 and L100_T150_SS60) or at the end (𝑇𝑑𝑒𝑏≈66.9 ºC for 
L80_T150_S80, L100_T100_SS80, L100_T150_SS80 and L100_T200_SS60) of this range. The 
reduction in the adhesive stiffness might be responsible for smoothing the shear stresses 
distribution at the interface CFRP/concrete and for the early strain and displacements increase 
near the mid-end. For that reason, it was impossible to clearly identify the debonding load. However, 
due to the elastic energy accumulated in the EBR component, there is a stage in the load-slip 
curves where a plateau can be observed at the mid-end region (see Figure 4.14b). This stage 
shows the load, 𝑃𝑑𝑒𝑏, for which the complete debonding of the EBR component occurs. At this 
point, the load supported by the EBR component does not represent the totality of the pull-out force 
because, as referred before, the anchorage is also responsible for supporting a fraction of the load 
since the early stages of the test. Tests carried out with the highest temperatures showed less strain 
variation from the loaded-end (x=0mm, see Figure 4.15d) to the mid-end (x=250mm, see Figure 
4.15d).  
As referred before, the experimental results from tests carried out at room temperature are in 
accordance with the expected values (computed according to the CNR [5], see Section 4.3).  As 
could be seen, the temperature changed the debonding process and the CNR [5] formulation does 
not consider the effect of high temperatures on the debonding process. In all tests carried out at 
room temperature, a typical cohesive failure in the concrete and interface failure between the 
concrete and epoxy was observed in the EBR component (see Figure 4.17a). However, in the 
tests carried out at elevated temperature, remains of epoxy adhesive stayed adhered to the concrete 
surface. This observation points to the fact that, at elevated temperatures, the failure of the EBR 
component was, in part, cohesive in the adhesive (see Figure 4.17). 
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Finally, it should be referred that the influence of the EBR component/mechanical anchorage could 
be separately identified based on the strain measurements obtained during the pull-out tests. 
Figure 4.16 presents the typical evolution of the total load (F), the load supported by the EBR 
component (EBR) and the load supported by the Anchorage (F - EBR) versus the slip at the loaded 
end (𝑠1). Figure 4.16a clearly shows the debonding of the EBR region (specimen 
L100_T100_SS20). At the early stages of the test, the EBR component is responsible for carrying 
the load. When the debonding starts occurring, there is a transference of load from the EBR region 
to the anchorage. After this stage the load is mostly supported by the anchorage. In Figure 4.16b, 
the typical debonding observed on tests carried out at elevated temperatures is presented: since 
early stages of the pull-out test, the total load (F) is partially supported by the anchorage. Figure 
4.16b clearly shows that the load transfer from the EBR component (EBR) to the anchorage 
(F-EBR) starts in the beginning of the test and increases as the test is carried on. This analysis 
presents a peak value on the load supported by the EBR component, and the moment when the 
load supported by the EBR component can be neglected. This figure also indicates that the length 
of the EBR component (250 mm) is shorter than the effective bond length for tests carried out at 
high temperatures.  
 
  
  
Figure 4.16: Typical evolution of the total load, the load supported by the EBR region and the load 
supported by the Anchorage versus the slip at the loaded end: (a) L100_T100_SS20; and (b) 
L100_T100_SS60. 
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4.4.1.3 Failure Modes 
As referred before, at room temperature, the mechanical anchorage system provided adequate 
transverse confinement of the CFRP laminate to the concrete substrate and enabled the full use of 
the reinforcement material (see Figure 4.17c). Additional information is presented in Section 
4.3.3. In contrast, all tests carried out at elevated temperature presented anchorage slippage as 
the failure mode (see Figure 4.17d).  
  
  
  
  
Figure 4.17: Failure modes: (a) interface (Epoxy-Concrete) failure in EBR component at room 
temperature (L50_T100_SS20); (b) epoxy adhesive failure in EBR component at elevated temperature 
(L100_T150_SS80); (c) FRP rupture (L50_T150_SS20); and (d) slippage from the anchorage 
(L100_T150_SS80). 
Results show (see Table 4.6) that failure is highly influenced by the test temperature and by the 
confinement level. In comparison to specimens tested at room temperature, the average reduction 
in the ultimate load, 𝑃𝑢, for specimens tested at 60 ºC and 80 ºC equals to 43.9% and 58.5%, 
respectively. Also, the ultimate slip registered at the mid-end, 𝑠𝑢,2, was higher in specimens tested 
a b
c d
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at 60 ºC (1.3±0.2 mm) than in specimens tested at 80 ºC (0.9±0.2 mm). Figure 4.18 shows the 
load-slip behaviour of specimens with the confinement level, 𝜎𝐿, of 7.7 MPa (Figure 4.18b, 
𝑤𝑓 = 100 and 𝑇𝐿 = 100 N∙m ), 11.5 MPa (Figure 4.18c, 𝑤𝑓 =100 and 𝑇𝐿 = 150 N∙m ), and 
14.4 MPa (Figure 4.18a, 𝑤𝑓 = 80 and 𝑇𝐿 = 150 N∙m ). As can be seen, the load-slip behaviour 
of each test is dependent on the test temperature (by comparing series 20 ºC, 60 ºC and 80 ºC) 
and confinement level (by comparing series “L100_T100”, 𝜎𝐿=7.7 MPa, and L100_T150, 
𝜎𝐿=11.5 MPa) and follows the same stages that were described previously. Contrarily to CFRP 
rupture, the failure by anchorage slippage did not result in a swift decrease of load down to zero, 
but to a softened reduction of the supported load down to a residual value of 65.5-70.8% of its 
maximum capacity. The bond stress responsible for the residual supported load is a consequence 
of the transverse confinement stresses applied on the anchorage zone [28]. As expected, there is 
a relation between the residual capacity of the anchorage and the applied confinement level: the 
residual load, 𝑃𝑟𝑒𝑠, corresponds to a level of CFRP stress of 745.8 MPa, 875.0 MPa, 903.1 MPa 
and 981 MPa in specimens with the confinement level, 𝜎𝐿, of 7.7 MPa, 11.5 MPa, 14.4 MPa and 
15.3 MPa, respectively (only one specimen, L100_T200_SS60, was tested with the 𝜎𝐿 of 
15.3 MPa; whereas, for the other cases, two specimens tested at different temperatures were 
considered). The level of confinement also influenced the value of 𝑃𝑢 and 𝜀𝑢. In fact, results show 
that the load and CFRP strain at failure were higher in specimens with the greatest confinement 
level (see Table 4.6). Despite the positive influence of the confinement level, the temperature was 
the major influential factor in all ultimate parameters. As can be seen in Table 4.6, the reduction 
in the ultimate parameters 𝑃𝑢 and 𝜀𝑢, is close to 44% when specimens tested at 60 ºC are 
compared with the ones tested at 20 ºC; and is around 25% when specimens tested at 80 ºC are 
compared with the ones tested at 60 ºC. 
4.4.2 Transient tests 
4.4.2.1 Temperature-slip behaviour 
In the transient tests, six specimens were loaded up to a fraction of the CFRP strength (0.36%, 
0.45% and 0.53% of CFRP strain) at room temperature and then heated up until 80 ºC. For each 
pull-out load level (80 kN, 100 kN and 120 kN) the maximum temperature supported was 
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registered. The ultimate temperature (𝑇𝑢) registered in the anchorage is presented in Table 4.6 
and the slip evolution in the loaded-end and mid-end with the temperature is shown in Figure 
4.19 for specimens tested at a constant pull-out load of 100 kN and 120 kN. The  Figure 4.19 
also shows the instant when the temperature started to increase (𝑡𝑖), the time when failure was 
observed (𝑡𝑢), the time when the predefined maximum temperature was reached (𝑡80º𝐶) and the 
duration until failure was observed (∆𝑡80º𝐶). During the test of specimen L100_T150_CL120b the 
heating was stopped when temperature reached 60 ºC (𝑡60º𝐶) for a period of one hour (∆𝑡60º𝐶). 
This stage is presented in  Figure 4.19b. 
 
 
 
  
  
Figure 4.18: Load-slip behaviour for specimens (a) with a laminate of 80 mm and torque level of 150 
N∙m; (b) with a laminate of 100 mm and torque level of 100 N∙m; and (c) with a laminate of 100 mm 
and torque level of 150 N∙m. 
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It should be pointed out that specimens L100_T100_CL100, L100_T150_CL100a and 
L100_T150_CL100b, were previously tested under a transient configuration with a load of 80 kN 
and subsequently with a load of 100 kN. These three specimens endured the initial tests 
(temperature variation from 30 ºC to 80 ºC and the subsequent steady-state of 80 ºC over one 
hour) without showing any traces of damage. At the end of the initial test, the strain registered at 
the EBR region and the relative displacement between the CFRP and the concrete surface (LVDT-
1, LVDT-2 and LVDT-3) resumed their initial values. The tests in specimens L100_T100_CL100 and 
L100_T150_CL100a were repeated once again after 24 hours and the same result was observed. 
These three specimens were then tested with the final pull-out load of 100 kN and the behaviour is 
presented in the  Figure 4.19a. 
  
  
Figure 4.19: Slip evolution with the temperature variation in specimens with the constant load of (a) 
100 kN and (b) 120 kN 
The first stage of the transient test was the application of the pull-out load (80 kN, 100 kN, or 
120 kN). The relative displacement at the loaded-end and mid-end when the predefined pull-out 
load was achieved are in agreement with the values obtained in the steady-state tests. As expected, 
higher pull-out loads matched with higher slip values at the loaded-end (1.0 mm, 1.6 mm and 
2.0 mm for pull-out load of 80 kN, 100 kN and 120 kN, respectively) and mid-end (0.2 mm, 
0.3 mm and 0.4 mm for pull-out load of 80 kN, 100 kN and 120 kN, respectively). Then, the 
second stage of the test started (at time 𝑡𝑖, see  Figure 4.19), and the IR system heated up the 
specimens up to 80 ºC. Most of the specimens failed during this stage (at time 𝑡𝑢, see  Figure 
4.19) and the maximum temperature supported (𝑇𝑢) was achieved, which was lower than the 
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maximum predefined temperature. Specimen L100_T150_CL100a did not fail during this heating 
up phase. The following test step was to keep the temperature (80 ºC) and pull-out load (100 kN) 
constant for one hour and, within this period of time, failure of L100_T150_CL100a was observed. 
Also, in specimen L100_T150_CL120b, the heating was paused at the temperature of 60 ºC (at 
time 𝑡60º𝐶, see  Figure 4.19b) and, for a period, ∆𝑡60º𝐶, of 63 min, the load and temperature 
conditions were kept constant. Specimens L100_T150_CL120b kept the same values of relative 
displacement in all three locations and no signs of failure were noticed. The test was resumed, with 
the aim of reaching 80 ºC, and failure was observed shortly afterwards. 
4.4.2.2 Debonding process 
The debonding process of the EBR region was also analysed during the transient tests. In the first 
stage of the test, the pull-out load was increased up to the predefined values using the same 
procedure used in the steady-state tests: the laminate was pulled at a constant rate of 
0.30 mm/min until the total debonding of the EBR region; then, the speed was increased up to 
2 mm/min until the predefined load was achieved. During this stage, all specimens were kept at a 
constant temperature of 30 ºC. Table 4.6 shows the debonding load, 𝑃𝑑𝑒𝑏, and the temperature 
in the EBR region 𝑇𝑑𝑒𝑏. The typical strain evolution in the EBR region of specimens tested using 
the transient configuration can be observed in Figure 4.15b. 
Few differences were observed between the debonding process at 20 ºC and 30 ºC. At both 
temperatures levels, the strain profile started with a peak strain value at the loaded-end (location 
x=0mm, see Figure 4.15b) and a null strain at the mid-end (location x=250mm, see Figure 
4.15b). As the load increased, the strain profile changed, enabling higher strain values in middle 
of the EBR region. Eventually, the maximum capacity was achieved and, with the complete 
debonding of laminate, not only the strain in the mid-end started to increase but also did the relative 
displacement registered by the LVDT-2. In general, at the same load levels, similar strain levels 
were observed for both temperatures. However, the debonding load, 𝑃𝑑𝑒𝑏, for specimens tested at 
30 ºC was around 61.8 kN. This value corresponds to a relative increase of 26%, when compared 
with the specimens tested at room temperature, and can be justified by the post-curing of the epoxy 
adhesive [10]. 
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4.4.2.3 Failure modes 
All specimens tested under the transient configuration exhibit the same failure mode than those 
tested under the steady-state configuration at elevated temperatures, which was laminate slippage 
from the anchorage (see Figure 4.17).  
As referred before, no signs of failure were noticeable when the transient tests were carried out 
with the lowest pull-out load of 80 kN. However, for the case of a pull-out load of 100 kN, failure 
was observed when the temperature at the anchorage was of 67.7 ºC (L100_T100_CL100) and 
80 ºC (L100_T150_CL100a and L100_CL150_T100b), depending on the torque level. For this 
pull-out load (100 kN), the confinement level induced by the level of torque proved to be a major 
factor in the anchorage capacity: the specimen with the lowest torque level failed when the 
temperature reached 67.7 ºC (above the adhesive 𝑇𝑔), whereas the specimens 
L100_T150_CL100a and L100_T150_CL100b reached the predefined maximum test temperature 
(80 ºC, well above the adhesive 𝑇𝑔). The L100_T150_CL100a specimen not only supported the 
highest predefined temperature but also endured almost one hour at those conditions before 
slippage failure. As can be seen in Figure 4.19a, specimen L100_T150_CL100a showed a 
displacement increase in both locations after reaching the maximum predefined temperature 
(𝑡80º𝐶 = 137min). However, the registered slip, which was almost negligible in the first 30 minutes, 
gradually increased up to 1 mm in all LVDT’s just before failure was observed (𝑡𝑢 = 193min). The 
L100_T150_CL100b is a specimen with the same properties of the specimen L100_T150_CL100a 
and, for that reason, was able to reach the predefined maximum temperature.  
The remaining three specimens, tested with the highest pull-out load of 120 kN, failed shortly after 
the temperature in the anchorage surpassed the adhesive’s 𝑇𝑔: the specimen L100_T100_CL120 
failed at 63.4 ºC, the specimen L100_T150_CL120a failed at 64.2 ºC and the specimen 
L100_T150_CL120b failed at 71.2 ºC. These results show that there was a small increase of 
anchorage resistance with the confinement level. However, for this pull-out load, the confinement 
level has a considerable lower influence in the anchorage resistance when compared with the 
specimens with the load level of 100 kN. Results show that the increase in the confinement level, 
from 7.7 MPa to 11.5 MPa corresponded to an increase on the ultimate temperature, 𝑇𝑢, of 18.2% 
and 6.8% in tests carried out with the pull-out load of 100 kN and 120 kN, respectively.  
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In short, the transient tests results showed the three possible scenarios when the pull-out load is 
the studied variable: (i) the first scenario is characterized by the low load level (80 kN) and the 
anchorage capacity of enduring the high temperatures without failure; (ii) the second scenario 
corresponds to a load level (100 kN) where failure is observed but it is highly influenced by other 
factors like the confinement level; and (iii) the third and last scenario is related to the highest load 
level (120 kN), for which failure is attained shortly after the specimens temperature surpasses the 
adhesive’s 𝑇𝑔, regardless of the confinement level. 
4.5 Large-scale pull-out tests versus MA slabs 
In the present section the results obtained in the pull-out tests are compared with the results 
obtained in the monotonic tests of slabs strengthened with the mechanical anchorage, previously 
described in Chapters 2 and 3. Table 4.7 presents the main results obtained from the monotonic 
tests of slabs strengthened with the mechanical anchorage system. In Chapter 2, four MA slabs 
were monotonically tested up to failure shortly after the strengthening, to evaluate the short-term 
behaviour. As referred before, in this experimental campaign FRP rupture was obtained in one 
specimen (SB_MA_501.2). In the remaining three tests, slippage from the anchorage was 
observed when the stress in the laminate was close to 72% of its ultimate tensile strength. The 
slippage from the anchorage was immediately followed by the rupture of the FRP. It is noteworthy 
to state that the concrete surface of these three MA slabs was prepared with a stone wheel, whereas 
the sand blasting technique was used in the SB_MA_501.2 slab. As mentioned before surface 
roughness is an important factor on the anchorage resistance and it might be a crucial factor on 
these results. Nonetheless, on the preliminary tests a good performance of the mechanical 
anchorage system was observed.  
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Table 4.7 
Review of the results from MA slabs. 
Specimen 𝜺𝒇,𝒎𝒂𝒙  
[%] 
𝝈𝒇,𝒎𝒂𝒙  
[MPa] 
𝝈𝒇,𝒖  
[ºC] 
𝝈𝒇,𝒎𝒂𝒙 𝝈𝒇,𝒖⁄  
[%] 
Surface 
Preparation 
Failure 
Mode 
Chapter 2: Short-term behaviour of MA Slabs 
   GD_MA_501.4 1.20 1857.6 2457.1 (1.2%) 75.6 Grinding Slippage 
   GD_MA_501.2 1.25 2096.3 2943.5 (1.6%) 71.2 Grinding Slippage 
   GD_MA_801.2 1.01 1662.5 2455.3 (5.0%) 67.7 Grinding Slippage 
   SB_MA_501.2 1.48 2427.2 2374.9 (2.5%) 102.2 Sand Blasting FRP Rupture 
Chapter 3: Long-term behaviour of MA Slabs 
   REF_MA_U 1.40 2296.0 2374.9 (2.5%) 96.7 Sand Blasting Slippage 
   REF_MA_C 1.26 2066.4 2374.9 (2.5%) 87.0 Sand Blasting Slippage 
   TW_MA_U 1.13 1853.2 2374.9 (2.5%) 78.0 Sand Blasting Slippage 
   TW_MA_C 1.15 1886.0 2374.9 (2.5%) 79.4 Sand Blasting Slippage 
   CW_MA_U 1.23 2017.2 2374.9 (2.5%) 84.9 Sand Blasting Slippage 
   CW_MA_C 1.12 1836.8 2374.9 (2.5%) 77.3 Sand Blasting Slippage 
   WD_MA_U 1.27 2082.8 2374.9 (2.5%) 87.7 Sand Blasting Slippage 
   WD_MA_C 1.04 1705.6 2374.9 (2.5%) 71.8 Sand Blasting Slippage 
Notes: the values between parentheses are the corresponding coefficients of variation (CoV). 
𝜺𝒇,𝒎𝒂𝒙 – Maximum strain in the CFRP laminate during the monotonic test; 𝝈𝒇,𝒎𝒂𝒙 – Maximum stress in the CFRP 
laminate during the monotonic test; 𝝈𝒇,𝒖 – Tensile strength of the CFRP laminate. 
 
The results obtained with the pull-out tests carried out at room temperature are in agreement with 
the results obtained in the preliminary studies. These pull-out tests showed FRP rupture as the 
dominant failure mode and clearly demonstrated that the mechanical anchorage provides adequate 
compressive stress of the CFRP laminate to the concrete substrate. The concrete surface of all 
pull-out specimens was sand blasted, therefore it can only be compared with specimen 
SB_MA_501.2. However, from the preliminary results, it can also be observed a relation between 
the compressive stress level and the anchorage resistance. As mentioned in Chapter 2, a torque 
level of 150 N·m was used in all specimens. As shown in Table 4.7, the failure on specimen 
GD_MA_801.2 (compressive stress level, 𝜎𝐿, close to 14.4 MPa) was observed when the CFRP 
strain was 1.0% (67.7% of the laminate tensile strength), whereas the failure on specimens GD_ 
MA_501.2 and GD_ MA_501.4 (compressive stress level, 𝜎𝐿, close to 23.0 MPa) was observed 
when the CFRP strain was close to 1.2% (73% of the laminate tensile strength). This 60% increase 
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on the confinement level (from 14.4 MPa to 23.0 MPa) produced an increase on the ultimate strain 
(𝜀𝑓,𝑚𝑎𝑥) of 20% and a growth on the ultimate tangential shear stress of 24%. In section 4.3.3 a 
relation between the compressive stress level and the average tangential stress inside the 
anchorage for the large-scale pull-out tests is presented. According to the pull-out test results (see 
Figure 4.13), specimens with the compressive stress level 23.0 MPa presented an increase on 
the average tangential stress of 24% when compared with specimen with 𝜎𝐿 equal to 14.4 MPa. 
After the long-term exposure to different environmental conditions, all slabs strengthened with the 
mechanical anchorage experienced slippage from the anchorage. Table 4.7 shows that the stress 
on the CFRP laminate at the onset of the failure (𝜎𝑓,𝑚𝑎𝑥) varied between 72% and 97% of its tensile 
strength. As stated in Chapter 3, all environments were able to change the mode of failure, being 
the full immersion on water (TW_MA_U and TW_MA_C) responsible for the higher reduction. The 
specimens kept in a laboratory premises (REF_MA_U and REF_MA_C) showed the highest CFRP 
strain and stress at failure. The pull-out programs did not include a study on the long-term 
performance of the mechanical anchorage system. The abovementioned results point to the fact 
that the resistance of this anchorage system might be highly influence by environmental factors, 
such as, immersion on water (with and without chlorides) or wet-dry cycles. Thus, a study focused 
on the durability of these anchorages should be carried out. 
4.6 Conclusion 
This Chapter has presented the results of the experimental programme aimed at studying the 
effectiveness of a mechanical anchorage of EBR CFRP laminates bonded to concrete structures. 
For this purpose, the results of 22 large-scale pull-out tests comprising prismatic concrete blocks 
externally bonded with CFRP laminates (of three different widths) and mechanically anchored (with 
four torque levels), have been presented and discussed. From the experimental results, the 
following observations and conclusions can be drawn: 
► At room temperature the mechanical anchorage provides adequate compressive stress of 
the CFRP laminate to the concrete substrate, regardless of the torque level (30, 100, 150 or 
200 N·m). However, for a laminate width of 100 mm, the lowest torque level (30 N·m) led 
to slippage of the CFRP laminate; 
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► At room temperature, a typical cohesive failure in the concrete and interface failure between 
the concrete and epoxy was observed in the bonded length (EBR component). The 
debonding load increased with the laminate width. However, some deviations are observed 
due to the different modulus of elasticity of the laminates; 
► The load-slip behaviour at the loaded end showed all the typical stages during the debonding 
process of tests carried out at room temperature: (i) a first almost linear and steep branch, 
(ii) debonding of the laminate and (iii) a phase where the laminate was firmly held by the 
mechanical anchorage plate, until rupture of the laminate, or, in case of L100_T30_SS20 
specimen, slippage of the laminate from the plate; 
► At room temperature the debonding process along the EBR bonded length was registered by 
the strain gauges placed along the laminate, showing similar behaviour to the one reported 
by the literature, mainly [5,19–21]; 
► A local bond shear stress-slip curve was experimentally obtained from the data registered by 
the strain gauges for each specimen (at room temperature), and was adjusted to the model 
presented in [30], indicating an average bond shear strength, corresponding slip and the 
parameter governing the descending branch of 4.2 MPa, 0.082 mm and 3.7; 
► By removing the anchorage plate from the specimens tested at room temperature, an 
assessment of the visible damage was carried out and a Mohr-Coulomb relation between 
the compressive stress level and average shear stress at the maximum load was observed 
with a cohesion and friction angle of 5.26 MPa and 13.7º, respectively; 
► Anchorage slippage was the failure mode observed in all specimens tested at elevated 
temperatures, including the steady state tests carried out at 60 ºC, at 80 ºC and all the 
transient tests; 
► In the steady-state tests, by comparing specimens tested at 60 ºC and 80 ºC to the ones 
tested at room temperature, a reduction on the ultimate load of 44% and 59%, respectively, 
was observed; 
► When the temperature in the EBR component was 30 ºC (initial stage of transient tests), a 
relative increase (when compared with the room temperature) in the debonding load of 23% 
was observed. Results also show that a fraction of the pull-out load was supported by the 
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mechanical anchorage since the early stages of the debonding process for the specimens 
tested at 60 ºC and 80 ºC; 
► In the transient tests, three different outcomes were observed: (i) the low load level of 80 kN 
(0.36% of CFRP strain) was not enough to result in failure for the defined temperature 
variation; (ii) the medium load level of 100 kN (0.45% of CFRP strain) resulted in failure, but 
the confinement level worked as a relevant factor in the anchorage capacity; and (iii) the 
high load level of 120 kN (0.54% of CFRP strain) led to the anchorage failure shortly after 
the temperature reached the adhesive’s 𝑇𝑔; 
► The torque level was the tool used to control the confinement level of the anchorage and, 
based on the results from both test configurations it is a relevant factor to increase the 
anchorage capacity. 
► The results obtained in the preliminary studies (Chapter 2) are in agreement with the results 
obtained with the pull-out tests carried out at room temperature, since the CFRP rupture was 
observed in similar conditions. In the monotonic tests performed on MA slabs subjected to 
the long-term environmental exposures, a reduction on the anchorage resistance was 
observed, since the failure mode shifted from CFRP rupture to CFRP slippage at the 
mechanical anchorages. These observations indicate that durability of mechanical 
anchorages may be an important issue to be analysed. Thus, a study focused on the 
durability of these anchorages should be carried out. 
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CHAPTER 5 
NUMERICAL SIMULATION OF RC SLABS STRENGTHENED 
WITH PRESTRESSED CFRP LAMINATES 
 
 
    CHAPTER 5  
      
 
189 
5.1 Introduction 
This chapter presents the tools used to numerically simulate the behaviour of the slabs 
strengthened with prestressed CFRP laminates according to the EBR technique. The experimental 
results presented in Chapter 3 were used in the development of the finite element analyses. The 
selection of the constitutive material models for each composing material and interface (concrete, 
steel reinforcement, interface between concrete and CFRP reinforcement, and CFRP reinforcement) 
were properly done. The simulations account for the strengthening particularities and test 
configuration. The performance of these simulations was compared with the results of the slabs 
submitted to monotonic tests up to failure. Subsequently, these models were used on a parametric 
study that intended to investigate the influence of different parameters affecting the behaviour of 
the slabs.  
5.2 Geometry, type of elements and type of analysis 
From the experimental campaign described in Chapter 3, four slabs were chosen to be modelled: 
one unstrengthened RC slab (T0_REF); a second slab strengthened with a CFRP laminate strip 
according to the EBR technique (T0_EBR); a third slab strengthened with one externally bonded 
prestressed CFRP laminate strip with the MA system (T0_MA); and a fourth slab strengthened with 
one externally bonded prestressed CFRP laminate strip with the GA system (T0_GA). The label 
given to each slab in Chapter 3 is kept the same in the present chapter. Additional information 
regarding the geometry of each slab or the properties of the materials used is given in Chapter 3.  
5.2.1 Model geometry and mesh 
As previously referred, the specimens were tested up to the failure, under a four-point bending test 
configuration. The test configuration exhibits a symmetry that was considered in the numerical 
simulations to reduce computational time. The model geometry, finite element (FE) mesh, loading 
configuration and boundary conditions used in the analysis of the four experimentally tested 
specimens are presented in Figure 5.1.  
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Figure 5.1: Characteristics of the used models in the case of: (a) slab T0_REF, (b) slabs T0_EBR and 
T0_GA; and (c) slab T0_MA. Note: units in [mm]. 
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A regular mesh composed of square finite elements with 10 mm of edge were used for modelling 
the concrete component of the slabs. Line and interface elements were also used to simulate the 
reinforcements (steel and CFRP) and interfaces between concrete and CFRP, respectively. The type 
and number of elements used to model each material is presented in Table 5.1. 
Table 5.1 
Summary of the types of elements and number of elements used in the models. 
Material Element Type Number of elements 
 Diana® Syntax (version 10.2) T0_REF T0_EBR T0_GA T0_MA 
Concrete CQ16M 1560 1560 1560 1560 
Steel Reinforcement EMBEDDED REINFORCEMENT 8 8 8 8 
CFRP Reinforcement CL6TR -- 110 110 110 
Interface 1 CL12I -- 110 110 83 
Interface 2 CL12I -- -- -- 27 
 
5.2.2 Type of elements 
The slabs were simulated as a plane state problem. In the present finite element models, a total of 
four type of elements were used: (i) CQ16M (Diana® syntax, version 10.2) to model the concrete; 
(ii) CL6TR (Diana® syntax, version 10.2) to model the CFRP reinforcement; (iii) CL12I (Diana® 
syntax, version 10.2) to model the interface between the CFRP material and the concrete; and (iv) 
‘EMBEDDED REINFORCEMENT’ to model the longitudinal and transverse steel reinforcement. The 
mesh typology, boundary conditions and property assignments were relevant factors for the 
selected type of elements. 
The FE CQ16M used to simulate the concrete (see Table 5.2) is an eight-node quadrilateral 
isoparametric element. A quadratic interpolation and Gauss-Legendre integration scheme was 
adopted [1]. The longitudinal and transverse steel reinforcement was modelled as embedded 
reinforcement. This element type does not allow relative slip between steel and concrete. This 
implies that a perfect bond between the reinforcement and the concrete was assumed. They are 
represented as lines in a two-dimensional finite element model. The input information for the 
embedded reinforcement are the mechanical properties, the area of the cross-section and the 
integration scheme. To embed bar reinforcement in plane stress elements, DIANA® needs for each 
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plane stress element the location points of the particle that is embedded in that element (the points 
“ ”  in Table 5.2). Regarding the integration scheme, two integration points for each particle 
along the 𝜉 axis of the bar was assumed (see  Table 5.2, where a bar particle in plane stress 
element is represented).  
Table 5.2 
Type of elements used ( adapted from [1]). 
Material Element Type Representation Additional 
input geometry 
 Diana® Syntax  
Concrete CQ16M 
 
THICKNESS 
 
(120 mm) 
Steel 
Reinforcement 
EMBEDDED 
REINFORCEMENT 
 
CROSS-SECTION 
AREA 
 
(5Φ8: 251.3 mm2) 
(3Φ6: 84.8 mm2) 
(2Φ6: 56.6 mm2) 
CFRP 
Reinforcement 
CL6TR 
 
CROSS-SECTION 
AREA 
 
(60 mm2) 
 
Interface 1  
and  
Interface 2 
CL12I 
 
THICKNESS 
 
(Interface 1: 50 mm) 
(Interface 2: 100 mm) 
The CFRP laminate strip was discretized using the truss element CL6TR. As it is shown in Table 
5.2, the CL6TR is a three-node numerically integrated truss element.  
The interface elements describe the interface behaviour in terms of normal and shear stresses 
linked with tractions/compressions and relative displacements across the interface, respectively.  
The interface between the CFRP and the concrete subtract, was modelled based on the CL12I 
element. This element is also based in a quadratic interpolation and is an interface element 
between two lines in a two-dimensional configuration (see Table 5.2).  The CL12I has three nodes 
in each line which match of nodes per line of the CL6TR (used for the CFRP laminate strip) and 
CQ16M (used for the concrete) elements. 
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5.2.3 Boundary and loading conditions 
A four-point bending test configuration was used on the experimental campaign and the finite 
element modelling tried to replicate it. As stated before, due to the symmetry of the test 
configuration and slab geometry, only half of the actual slab was modelled (see Figure 5.1). The 
symmetry at the mid-span section was assessed by restricting the displacements in the X direction. 
The support, as it is shown in Figure 5.1, is located at 100 mm from the edge of the slab and 
provides a constrain only in the Y direction.  
Three load cases were considered: (i) the self-weight; (ii) the prestress; and (iii) the monotonic 
loading of the slab. In Chapter 3, the results from the monotonic tests performed on slabs T0_REF, 
T0_EBR, T0_MA and T0_GA were presented. However, at the onset of these static tests, all slabs 
were already submitted to a stress state and deformation caused by its own self-weight and, for the 
case of slabs MA and GA, additionally the existing prestress in the CFRP laminate strip.  
The self-weight was applied using a distributed force of -1.8 N/mm in the Y direction, over the 
complete length of the slabs. Typically the prestress is simulated with a temperature variation 
applied in the prestress element; however, the “equivalent loads” method was adopted in the 
present case since the current used version of Diana® (version 10.2) does not include this feature. 
Thus, a distributed load, applied over the anchorage region was the method used to simulate the 
application of prestress. For the MA slab a load of 154.15 N/mm in the X direction was applied 
over a length of 270 mm (size of metallic anchorage), which gives a total load of 41.62 kN in the 
bottom surface of the concrete surface; whereas, for the GA slab a load of 65.27 N/mm in the 
X direction was applied for a length of 600 mm (size of gradient anchorage), which gives a total of 
39.16 kN in the bottom surface of the concrete surface. A prescribed displacement on the loading 
point (300 mm from the mid-span at the superior edge of the slab) was applied to simulate the 
monotonic loading.  
The self-weight and prestress of the CFRP laminate was applied over twenty steps (10 steps for 
each load case). The monotonic loading used a minimum of 700 steps, each one with a total 
displacement increase of 0.1 mm. The imposed displacements were sufficient to record the slab’s 
behaviour during all test stages (before, during and after peak load).  
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To compare the FE analysis with the experimental results, a new origin of the relationship between 
force and displacement was considered, being the origin point coincident with the last step of the 
self-weight load case (for REF and EBR slabs) or last step of the prestress load case (for the MA 
and GA slabs). In Figure 5.2 is presented the relation between the mid-span displacement and 
the total load, using the aforementioned axis. The self-weight (identified with the blue dots in Figure 
5.2) produces a mid-span displacement close to 0.3 mm that was analytically validated. As can 
be seen in Figure 5.2b, the prestress load case caused a camber mid-span displacement close 
to 0.7 mm. The prestress influence was slightly higher in the MA specimens than in the GA 
specimen, because the applied load was also greater. The origin of the original vertical axis (see 
Figure 5.2) considers all the load cases (gravity, self-weight and monotonic loading), whereas the 
origin of the new vertical axis only considers the monotonic loading. The later axis was used in 
order to properly compare the FEA results with the experimental results.  
  
  
Figure 5.2: Axis considered in the FEA of the slabs: (a) T0_REF and (b) T0_GA. 
Regular Newton-Raphson interactive method was used to obtain convergence between internal and 
external forces in the models for the self-weight and prestress load cases. For the monotonic 
loading, the Secant (Quasi Newton) method was adopted. The Secant method does not set up a 
completely new stiffness matrix every iteration, thus being a more stable over the development of 
the analysis [1].   
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5.3 Constitutive material models 
5.3.1 Concrete 
The concrete exhibits non-linear behaviour under uni-and-multi-axial stress states. A smeared crack 
approach was used to model the crack propagation in concrete. DIANA® includes over seven 
smeared crack models, like the total strain-based crack model (TSCM) and the multidirectional 
fixed crack model (MFCM). The constitutive model used to predict the concrete behaviour was the 
total strain based fixed crack model. The model is suited for serviceability and ultimate analyses 
which are predominantly governed by cracking or crushing of the material [1]. The input data 
adopted for the TSCM constitutive model is the presented in Table 5.3. The input data describe 
the tensile and compressive behaviour of the concrete with one stress-strain relationship. The value 
of the concrete elastic modulus measured experimentally (see Chapter 3) was used. The TSCM 
complies several predefined relationships for the concrete tension softening. Among them, the non-
linear tension softening model defined by Hordijk et al. [2] was selected. The tensile strength and 
fracture energy, required by this model, were computed based on the CEB-FIP Model Code 1990 
[3]. The concrete fracture energy, 𝐺𝑓, the energy required to propagate a tensile crack of unit area, 
was estimated according to: 
𝐺𝑓 = 𝐺𝑓0 ∙ (
𝑓𝑐𝑚
𝑓𝑐𝑚0
)
0.7
 (5.1) 
 
where 𝑓𝑐𝑚0 is equal to 10 MPa, 𝑓𝑐𝑚 was obtained experimentally (equal to 40 MPa, see Chapter 
3) and 𝐺𝑓0 is the base value of fracture energy related to the maximum aggregate size. The 
maximum aggregate size was equal to 12.5 mm, which means that the 𝐺𝑓0=0.0275 N/mm. The 
tensile strength, 𝑓𝑐𝑡𝑚, was obtained according to the following equation, obtained from the 
CEB-FIP Model Code 1990 [3]: 
𝑓𝑐𝑡𝑚 = 𝑓𝑐𝑡𝑘0 ∙ (
𝑓𝑐𝑚 − ∆𝑓
𝑓𝑐𝑚0
)
2/3
 (5.2) 
where 𝑓𝑐𝑡𝑘0 is equal to 1.4 MPa, 𝑓𝑐𝑚 was obtained experimentally (equal to 40 MPa, see Chapter 
3), ∆𝑓 is equal to 8 MPa, and 𝑓𝑐𝑚0 is equal to 10 MPa. 
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The crack band-width, ℎ, is the width of the finite element for which the fracture zone is distributed. 
In order to ensure mesh objectivity, the used crack band-width was mesh dependent. Based on 
Sena-Cruz [4], the crack band-width was computed as: 
ℎ =  √2 ∙ 𝐴 (5.3) 
where A is area of the corresponding element mesh. 
Table 5.3 
Input data used for the concrete model. 
Property Values Diagram 
   
Linear material properties  
 
Elastic modulus(a) 30030 N/mm2 
Poison’s ratio 0.2 
Density(a) 2500 kg/m3 
Tensile behaviour  
Tensile curve Hordijk et al. (1987) 
Tensile strength  3.04 N/mm2 
Mode-I tensile fracture energy 0.07 N/mm 
Crack bandwidth 15 mm 
Residual tensile strength 0 N/mm2 
Poison’s ratio reduction No reduction 
Compressive behaviour  
Compression Curve Elastic 
Shear behaviour  
Shear retention function Constant 
Shear retention factor 1 
Notes: (a) Value obtained experimentally. 
5.3.2 Steel Reinforcement 
The embedded steel reinforcement was modelled using the Von Mises plasticity and hardening 
model. The main properties used for the modelling of the steel reinforcement and the bilinear 
stress-strain relationship diagram are presented in Table 5.4. The properties measured 
experimentally were used to define the corresponding relationships (see Chapter 3). However, the 
elastic modulus of the Φ8 steel reinforcement was assumed to be 200 GPa, and the ultimate strain 
for both types of steel reinforcements were assumed to be 0.1.  
Still regarding the modelling of the steel reinforcement, the cross-sectional area used for the upper 
longitudinal reinforcement (3Φ6) was 84.8 mm2, for the bottom longitudinal reinforcement (5Φ8) 
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was 251.3 mm2, and for the transverse reinforcement (2Φ6) was 56.6 mm2. Due to the symmetry 
effect, the cross-sectional area of the mid-span stirrup was equal to the area of a single Φ6 steel 
bar (28.3 mm2). 
Table 5.4 
Input data used for the steel reinforcement model. 
Property Values Diagram 
   
Steel (Φ6)  
 
Linear material properties  
Elastic modulus(a) 206900 N/mm2 
Von Mises plasticity  
Yield stress(a) 519.3 N/mm2 
Ultimate stress(a) 670.2 N/mm2 
Ultimate strain 0.1 
Steel (Φ8)  
Linear material properties  
Elastic modulus 200000 N/mm2 
Von Mises plasticity  
Yield stress(a) 595.9 N/mm2 
Ultimate stress(a) 699.0 N/mm2 
Ultimate strain 0.1 
Notes: (a) Value obtained experimentally. 
5.3.3 CFRP laminate strip 
The CFRP was modelled as linear-elastic up to tensile failure, as observed in the uniaxial tensile 
tests carried out. Based on the results from the material characterization, an elastic modulus of 
CFRP of 164 GPa and ultimate strength of 2374 MPa were used. To simulate the CFRP failure, the 
Von Mises and Tresca plasticity material model was used. When the ultimate strength is reached, 
the strength falls to 0 MPa, as it is depicted in Table 5.5. In the prestress specimens, the ultimate 
strength was reduced to 1718 MPa. As referred before, the prestress was simulated with the 
“equivalent loads” method. Consequently, the distributed load applied over the anchorage region 
(see Section 5.2.3) does not induce 0.4% of strain on the CFRP laminate. Thus, to properly model 
the CFRP laminate, when prestressed, the ultimate strength was reduced in 656 MPa (0.4% of 
strain), as presented in Table 5.5. 
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Table 5.5 
Input data used for the CFRP reinforcement model. 
Property Values Diagram 
   
Linear material properties  
 
Elastic modulus (a) 164000 N/mm2 
Poison’s ratio (b) 0.3 
Density (b) 1600 kg/m3 
Von Mises and Tresca plasticity  
Plasticity model Von Mises plasticity 
Ultimate stress (a) 2374.9 N/mm2 
Ultimate strain (a) 0.0145 
  
  
  
  
  
  
Notes: (a) Value obtained experimentally; (b) Value according to manufacturer [5]. 
 
5.3.4 Interface 
The interface material model chosen to represent the interface between the concrete and the CFRP 
laminate has the named “BOND-SLIP”. This model set a nonlinear relation between shear traction 
and shear slip, whereas the relation between normal traction and normal relative displacement is 
kept linear. The bilinear bond-slip law proposed by Lu et al. [6] has been used and the parameters 
governing (𝜏𝑚𝑎𝑥, 𝑠0, 𝐺𝑓 and 𝑠𝑓) the bond-slip model were estimated as follows: 
𝜏𝑚𝑎𝑥 = 1.5 ∙ 𝛽𝑤 ∙ 𝑓𝑐𝑡𝑚 (5.4) 
 
𝑠0 = 0.0195 ∙ 𝛽𝑤 ∙ 𝑓𝑐𝑡𝑚 (5.5) 
 
𝐺𝑓 = 0.308 ∙ 𝛽𝑤
2 ∙ √𝑓𝑐𝑡𝑚 (5.6) 
 
𝑠𝑓 =
2 ∙ 𝐺𝑓
𝜏𝑚𝑎𝑥
=
2 ∙ 0.308 ∙ 𝛽𝑤
2 ∙ √𝑓𝑐𝑡𝑚
1.5 ∙ 𝛽𝑤 ∙ 𝑓𝑐𝑡𝑚
=
0.41 ∙ 𝛽𝑤
√𝑓𝑐𝑡𝑚
 (5.7) 
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where 𝑓𝑐𝑡𝑚 is the tensile strength of the concrete, the 𝐺𝑓 is the value of fracture energy of interface 
law and 𝛽𝑤 is a geometrical factor (that considers the width of the FRP, 𝑏𝑓, and the width of the 
concrete member, 𝑏𝑐, which the FRP is applied) given by: 
𝛽𝑤 = √
2.25 −
𝑏𝑓
𝑏𝑐
⁄
1.25 +
𝑏𝑓
𝑏𝑐
⁄
 (5.8) 
As a result, this simplified bond-slip relation can be defined by three points on a shear-slip plot: the 
first point with values (0;0) is the origin; the second point with values (𝑠0; 𝜏𝑚𝑎𝑥) shows the peak 
stress and corresponding slip; and the last point, with the values (𝑠𝑓;0). This law was used to define 
the interface constitutive model (Interface 1, see Figure 5.1 and Table 5.1) and the input values 
and shear-slip diagram is presented in Table 5.6. 
Table 5.6 
Input data used for the Interface 1. 
Property Values Diagram 
   
Linear material properties  
 
Normal stiffness modulus-y 1x106 N/mm3 
Shear stiffness modulus-x 72 N/mm3 
Bondslip  
Bondslip model Von Mises plasticity 
Maximum shear traction 5.73 N/mm2 
Slip at maximum shear traction 0.08 mm 
Ultimate slip 0.25 mm 
  
  
  
  
  
  
 
As it was mentioned before, another interface (Interface 2) was considered for the specimen MA 
(see Figure 5.1 and Table 5.1). Thought the experimental test of the slab T0_MA, failure by 
CFRP rupture was observed. During the test the mechanical anchorage exhibit a flawless performed 
and no relative displacements between the CFRP laminate and the anchorage plate was detected. 
With the mindset on the experimental observations, the Interface 2, which represents the bond 
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between the CFRP laminate and the concrete in the anchorage region (270 mm) was modelled as 
linear elastic with the normal and shear stiffness modulus equal to 1x106 N/mm3. 
5.4 Results and discussion 
This section presents the results and discussion of FEA carried out. The relationship between the 
applied load and the mid-span displacement, the load applied load versus CFRP/concrete strain 
and the crack patterns were analysed. Each specimen has a generic label X_(Y), where X is the 
label of the experimental slab given in Chapter 3, Y identifies if is an experimental (EXP) or an 
numerical (FEM) result. 
5.4.1 Total load versus mid-span displacement 
Figure 5.3 shows the comparison between the experimental and numerical results regarding the 
relationship between the total load and mid-span displacement. All the numerical curves present a 
well-defined elastic phase, cracked phase and yielding phase. The elastic phase is observed at the 
beginning of the test, has the highest stiffness, and ends with the crack initiation of the concrete. 
In the flowing stage, the stiffness is significantly diminished due to the cracking of the concrete. 
This cracked phase ends when the steel reinforcement reaches the yielding stage. The steel yielding 
marks the beginning of the final test stage, the yielding phase. During the last phase, the 
contribution provided by the steel reinforcement on the supported load is limited and the slab 
presents the lowest stiffness observed. 
In general, the relationship between the total load and the mid-span displacement obtained with 
the numerical simulation presented a good agreement with the experimental results. These results 
give an accurate prediction of the deformation response of all slabs during the elastic phase and 
cracked phase. In the FE models, the cracking initiation occurred for the same load and mid-span 
displacement values of the experimental tests. The stiffness of the slabs during the first two stages 
is identical for the numerical and experimental curves. The steel yielding and ultimate failure are 
also well captured. However, the numerical prediction on the steel yielding seems to be slightly 
below the one obtained experimentally. In contrast, in the REF slab (see Figure 5.3a), the yielding 
point appears to occur for a slightly superior load value. It is known that the average stress-strain 
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relationship for the reinforcement steel embedded in concrete is different from the average stress-
strain relationship of a bare steel bar. To consider this fact, Stevens [7] proposes a methodology to 
reduce on the steel yielding and ultimate stresses. This methodology wasn’t taken into account 
because the average steel properties obtained experimentally, were the best match for all four 
slabs. Another simplification of the numerical model was the perfect bond between the steel 
reinforcement and the concrete. There was no perfect bond between these two materials during 
the experimental tests and slip at their interface might have occur. Finally, it should be mentioned 
that the case of the strengthened slabs, since the CFRP significantly contributes for the overall 
resistance of the slabs, the yielding initiation is more masked compared to the case of the reference 
slab.  
The ultimate load was well captured in all strengthened slabs. Although failure was not reached in 
the modelled REF slab, result show that the yielding phase started around step 290, when the total 
load, 𝐹, was 30.84 kN and the mid-span displacement, 𝛿, was 29.02 mm. In the experimentally 
tested REF specimen, failure by concrete crushing would be expected. However, due to the concrete 
model adopted, this kind of failure would not be observed in the FE model. The stiffness of the last 
test stages, for the REF, exhibits similar results on the numerical and experimental curves. The 
maximum load for the specimens EBR, MA and GA was observed on step 374 (F=39.90 kN; 
=28.97 mm), 795 (F=70.00 kN; =89.84 mm), and 410 (F=57.70 kN; =42.45 mm), 
respectively. The failure on the T0_EBR and T0_GA (see Figure 5.3b and Figure 5.3d) 
specimens was attained when the interface between the CFRP laminate and the concrete reached 
its maximum capacity. The load and mid-span displacement registered on the numerical curves is 
similar to the experimental ones. For the case of the T0_MA slab (Figure 5.3c), the numerical 
simulation predicts failure by FRP rupture also at the similar load and mid-span displacement of 
the experimental test. The intermediate debonding registered at about 56 kN, was also captured in 
the numerical simulation of the T0_MA slab. The experimental results show two drops on the plot 
curve because the strip debonding occurred in two stages, first one side of the specimen and then 
on the other side (for more details see also Chapter 3). The numerical model comprehends only 
half the slab and, for that reason, there’s only one drop. The intermediate debonding observed on 
the MA slab, divides the yielding phase into two stages: (i) a first, when the CFRP strip is bonded 
to the concrete and (ii) a second, where the CFRP is detached from the concrete substrate and 
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works as an external cable. These two stages are clearly observed in both experimental and 
numerical curves, and a good correlation between the experimental and the numerical results were 
obtained.  
  
  
  
  
Figure 5.3: Comparison between the experimental results and numerical predictions in terms of total 
load versus mid-span displacement for: (a) T0_REF slab; (b) T0_EBR slab; (c) T0_MA slab; and (d) 
T0_GA slab. 
 
It should be noted that after the failure of the strengthening system of the prestressed slabs, the 
load did not decrease to the value of reference slabs (see Figure 5.3c and Figure 5.3d). The 
prestress load was applied using an “equivalent load” on the FE model and, consequently, when 
failure occurs the equivalent prestress load must be discounted from the total load. In order to 
remove this “equivalent load” effect, a distributed load equal to the one used to simulate the 
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prestress, was applied on the anchorage region (in the opposite direction), after the step where 
peak load is reached. Results from this iteration are presented as a blue dashed line in Figure 
5.3c and Figure 5.3d. As can be seen in these figures, the response without the “equivalent 
load” effect, after failure, is much closer to the experimental values. 
Figure 5.4 shows the evolution of the CFRP strain variation across the CFRP length, measured 
experimentally and estimated numerically for the slab T0_MA. Since only half of the specimen was 
modeled, the symmetry at the mid-span was consider to represent the CFRP strain variation across 
the total length of the laminate strip. In short, for the same load levels, similar CFRP distribution 
were observed. The debonding of the CFRP is equally observed for the load of 56 kN; however, in 
the experimental curves the debonding process occurred in two stages (first the left side, followed 
by the right side); whereas in the numerical analysis the debonding only occurred in one stage. 
After this point, both numerical and experimental results, show that the CFRP strip behaves as a 
unbonded external cable with almost constant strain. 
 
Figure 5.4: CFRP strain variation in T0_MA slab (experimentally tested and numerically predicted). 
5.4.2 Total load versus concrete, steel and CFRP strains 
The concrete strain variation was also evaluated in this FE analysis. The evolution of the concrete 
strain at the mid-span (top surface) with the total load is presented in Figure 5.5a. The numerical 
(FEM) and experimental (EXP) curves are similar for the T0_EBR and the T0_GA slabs. However, 
significant differences are observed, after the cracking of the concrete for the T0_REF and the 
T0_MA slabs. The difference between the experimental and the numerical results is related with 
the fact that a linear behaviour was adopted for the concrete behaviour under compressive stress 
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state. However, it should be also mentioned that the concrete strain measured on the experimental 
campaign is highly dependent of the location where the strain gauge was fixed. 
 
 
 
  
  
Figure 5.5: Total load versus CFRP/steel/concrete strain of the slabs experimentally tested and 
numerically predicted.: (a) mid-span concrete strain; (b) Mid-span CFRP strain; (c) Mid-span steel 
reinforcement strain. 
The variation of the CFRP strain at the mid-span with the total load is presented in Figure 5.5b, 
for both experimentally tested and numerically predicted. As can be seen, the numerical predictions 
of the CFRP strains are in agreement with the experimental measurements. All three slabs clearly 
show the three test phases (elastic phase, cracked phase and yielding phase). The initial slope 
(elastic phase) is very stiff, mainly because the uncracked concrete is the biggest responsible for 
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supporting the increasing load. The crack initiation of the concrete is observed for similar load 
levels. During the test stage that follows the crack initiation, the influence of the steel and CFRP 
reinforcement is higher and the slop of the curves presented in Figure 5.5b, decreases. During 
yielding phase, the CFRP is greatest responsible for carrying the additional loads, because the steel 
reinforcement contribution to the load carrying capacity of the slabs is limited. As a result, the slop 
in the curves depicted in Figure 5.5b is the lowest in this last stage. With the numerical 
simulations, the maximum mid-span CFRP strain was equal to 0.7%, 1.5% and 1.1% in slabs 
T0_EBR, T0_MA and T0_GA, respectively. These values correspond to a variation in between -3.3% 
and 3.4% from the experimental results. 
The steel reinforcement plays an important role in the overall behaviour of the RC slabs. After crack 
initiation of the concrete, the stiffness of all slabs is dependent on the steel reinforcement. The 
steel yielding of the numerically predicted slabs occurs for a strain value of 0.3%. Figure 5.5c 
shows the mid-span steel strain with the total load. This strain was experimentally registered for 
specimens T0_EBR, T0_MA and T0_GA. The experimental mid-span steel strain values were 
measured using a strain gauge fixed on the middle Ø8 rebar. Although representative of the tensile 
strain develops during the experimental tests, the strain gauge measures are highly dependent on 
the localization of the concrete tensile cracks and, consequently, the numerical and experimental 
onset might be different. Nonetheless, results show that there is a good agreement between the 
numerical and experimental results. Additionally, the FEM curves show the steel yielding for the 
similar load values of those measured experimentally.  
5.4.3 Crack pattern 
The crack patterns obtained on the numerical simulations of all four specimens is presented in 
Figure 5.6, for step 500, when the mid-span displacement was close to 54.26 mm. For this 
displacement value, failure of the strengthening system had already occurred for specimens 
T0_EBR, and T0_GA; the CFRP strip of the MA slab was already debonded (debonding occurred 
at step 347, when the 𝐹=56.35 kN, and the 𝛿=35.78 mm); and, on the REF slab, the total load 
had already reached a plateau (an increase of 0.4% was observed since the steel yielding ). With 
the mid-span displacement of 54.26 mm, the maximum crack width was observed near the mid-
span and was equal to 6.7 mm, 4.7 mm, 4.4 mm and 4.4 mm for the numerically simulated 
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T0_REF, T0_EBR, T0_MA and T0_GA slabs, respectively. In the analysis of the crack width 
presented in Section 3.4.2 (Chapter 3) it was also observed that, for the same load level, highest 
crack widths were observed on the T0_REF specimen, followed by the T0_EBR.  
In general, the numerical simulations predicted the overall crack pattern of the slabs. The average 
experimental space between consecutive cracks was, respectively, equal to 152.4 mm, 114.7 mm, 
97.5 mm e 98.5 mm on specimens T0_REF, T0_EBR, T0_MA and T0_GA. The numerical results 
presented an average crack spacing of 80 mm, 72 mm, 68 mm e 67 mm for specimens T0_REF, 
T0_EBR, T0_MA and T0_GA, respectively. It should be referred that in the numerical simulation, 
the crack spacing was measured at the loading step 500 (mid-span displacement 56.26 mm), 
whereas the experimental crack spacing was measured at the end of each test. Finally, in both 
analyses (experimental and numerical) the greatest crack spacing was observed in the T0_REF, 
followed by the T0_EBR slab and then by the prestressed slabs. Additionally, in the present 
numerical simulations, perfect bond between steel reinforcement and concrete was assumed. With 
the incorporation of the bond-slip laws at the interface between the steel reinforcement, the crack 
spacing necessarily would increase.  
5.5 Parametric Studies 
Based on the results presented in Section 5.4, it was clear that the numerical models developed 
can predict the experimental results with high accuracy. Thus, parametric studies were carried out 
to assess the influence of the prestress level and of the CFRP laminate geometry on the slabs’ 
structural performance. It should be mentioned that, in this parametric study, the geometry, 
boundary conditions and constitutive material models described in the previous chapters were used 
in the present parametric studies  
5.5.1 Influence of the level of prestress 
The influence of prestress was one of the main parameters studied in this work. The results 
obtained from the experimental campaign clearly shown that the prestress improved the slabs 
performance with lower displacement, crack width delay and lower crack spacing. However, the 
level of prestress applied on the CFRP laminate might affect the structural ductility.  
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Kim et al. [8] studied the ductility and cracking behaviour of concrete beams strengthened with 
prestressed CFRP sheets. These authors observed that the level of prestress significantly affected 
the structural ductility and, for the studied beam, the level of prestress should be in between 10% 
and 20% of the ultimate strain to meet the ductility recommendations of the Canadian standards 
[9]. Rezazadeh [10] also studied the influence of level of prestress on the structural ductility of RC 
beams strengthened with NSM CFRP elements. A normalized ductility index was computed based 
on the ratio between the mid-span displacement at failure and the mid-span displacement at the 
steel yielding, showing a direct relation between the prestress level and the RC element’s ductility.  
The present parametric study is composed of eight prestressed slabs, four strengthened with the 
MA anchorage system and the remaining with the GA anchorage system. The levels of prestress 
ranged between 0.2% and 0.8% of CFRP strain. Each specimen has a generic label “X (Y) – Z”, 
where X is the label of the experimental slab given in Chapter 3, Y identifies if is an experimental 
(EXP) or an numerical (FEM) result, and Z corresponds to the equivalent level of CFRP strip 
prestrain (0.2%, 0.4%, 0.6% and 0.8%). As referred before, the main parameters adopted in 
numerical model were used in the present study and therefore, the model continues to admit that 
there is no slippage in the anchorage (Interface 2 is kept with a normal and shear stiffness modulus 
equal to 1x106 N/mm3). Figure 5.7 shows the evolution of the mid-span displacement with the 
total load for the prestressed slabs. Table 5.7 presents the main results of each slab, and the 
ductility and efficiency parameters already described in Chapters 2 and 3.  
As expected, the increase on the prestress level manages to reduce the mid-span displacement 
and to delay the concrete cracking and steel yielding. All slabs strengthened with the mechanical 
anchorage system failed by CFRP rupture, for a load value close to 68.5 kN. However, with the 
increase of the prestress level there is a clear decrease in the structural ductility of the MA slabs 
(see Figure 5.7a). The CFRP strip debonding on the MA slabs occurred when mid-span 
displacement was close to 34 mm (load values that varied between 53.8 kN and 66.3 kN). In 
general, after the debonding of the CFRP laminate strip, the slab supports additional loads due to 
the anchorage system. The CFRP strip debonding is observed in as a drop point in the F-δ curves 
(two drop points in the experimental curves). The MA slab with the highest level of prestress (T0_MA 
(FEM) – 0.8%) does not present the same behaviour because the maximum tensile strain is reached 
    CHAPTER 5  
      
 
209 
before the intermediate debonding. The reduction on the structural ductility can be easily observed 
through the 𝜇𝛿  parameter, presented in Table 5.7, which is reduced with the increase of the 
prestress load. In fact, this parameter varies between 3.93 (T0_MA (FEM) - 0.2%) and 1.40 
(T0_MA (FEM) - 0.8%) on the MA slabs, which means that the 𝜇𝛿 parameter was reduced by 64% 
when the value of prestrain was increase from 0.2% to 0.8% (an increment of 300%).   
  
  
Figure 5.7: Effect of prestress level on the relationship between the total load and mid-span 
displacement on slabs (a) MA and (b) GA. 
 
The GA slabs also present a loss on their structural ductility when the prestress load increased. It 
is clear, however, that this ductility reduction is higher in the MA slabs. Slabs with the gradient 
anchorage system present laminate debonding as its dominant failure mode. However, the failure 
mode on slab T0_GA (FEM) – 0.8% is CFRP rupture and the specimen slab T0_GA (FEM) – 0.6% 
reached its ultimate load when the CFRP strain was close to the CFRP’s maximum tensile capacity. 
Higher prestrain levels are responsible for a better use of the materials and, consequently, the 
CFRP strain value at failure increased from 1.04% on slab T0_GA (FEM) – 0.2% to 1.45% on slab 
T0_GA (FEM) – 0.8%. The increase of prestrain level from 0.2% to 0.8% corresponded to a 
reduction on the 𝜇𝛿 parameter of 23%.  
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In general, slabs with the MA anchorage system continue to have a better performance in terms of 
structural ductility and efficiency. However, for the prestrain of 0.8% both slabs presented identical 
behaviour in all stages of the test. Based on the ductility analysis performed by Rezazadeh [10], 
the normalized ductility parameter 𝜇𝛿 and the normalized efficiency parameter 𝜇𝐹̅̅ ̅ were computed 
(see Table 5.7). As defined by Rezazadeh [10], the normalized ductility parameter is equal to the 
ratio between the 𝜇𝛿 parameter of the prestressed slab and the 𝜇𝛿 parameter of a reference slab 
(strengthened but without prestress). In the present analysis the T0_EBR (EXP) was used as the 
reference slab. The relation between the normalized ductility index and the prestress level (ratio 
between the prestress and ultimate tensile capacity of the CFRP element) is presented in Figure 
5.8.  
 
Figure 5.8: Normalized ductility index of the prestressed slabs (adapted from Rezazadeh [10]). Note: 
The plot includes the experimental results (prestressed NSM beams) of Rezazadeh [10], El-Hacha and 
Gaafar [11], Badawi and Soudki [12] and Hajihashemi et al. [13]. 
 
As referred by Rezazadeh [10], the normalized ductility index decreases with the increase of the 
prestress level. However, the results obtained in this parametric study show normalized ductility 
indexes higher than 1.0. This outcome reflects an increase of ductility from the T0_EBR (EXP) to 
the prestressed specimens. As referred before, the MA anchorage system prevented premature 
failure and, consequently, improved the structural ductility. With the GA system the normalized 
ductility parameter varied between 1.17 and 0.90. The mid-span CFRP strain evolution with the 
total load is presented in Figure 5.9. These curves show the effect of the different prestress levels, 
with the delay on the crack initiation and steel yielding. Greater level of prestress yields to higher 
use of the CFRP material.  
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Figure 5.9: Effect of prestress load on the relationship between the total load and mid-span 
displacement on slabs (a) MA and (b) GA. 
 
In short: (i) higher levels of prestress yielded to a delay on the crack initiation, steel yielding and a 
general increase on the stiffness; (ii) slabs with the mechanical anchorage always exhibit failure by 
CFRP rupture for a load level close to 68.5 kN, whereas the failure mode observed in slabs with 
the gradient anchorage shifted from laminate debonding to CFRP rupture with the increase on the 
prestress; (iii) higher levels of prestress yielded to a decrease on the structural ductility, which is 
considerable higher on slabs with the MA anchorage system; (iv) several ductility parameters were 
computed, through which is measured the variation on structural ductility with the prestress level; 
and (v) the mechanical anchorage prevented premature failure and, consequently, presented higher 
ductility than the non-prestressed slab T0_EBR (EXP). 
5.5.2 Influence of the laminate geometry 
The influence of the CFRP geometry was also assessed in the present study. From the available 
CFRP laminate geometries of [5], three were selected, with following cross section dimensions: 
501.2 [mm], 801.2 [mm] and 1001.2 [mm]. Then, nine numerical simulations were carried 
out to evaluate the influence of the CFRP geometry on the non-prestressed EBR slab, on the 
prestressed MA slab, and on the prestressed GA slab. The material model defined in Section 5.3 
were kept through this parametric study. Each specimen has a generic label “X (Y) – Z”, where X 
is the label of the experimental slab given in Chapter 3, Y identifies if it is an experimental (EXP) or 
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an numerical (FEM) result, and Z corresponds to laminate width (50 mm, 80 mm and 100 mm). 
The evolution of the mid-span displacement with the total load of the simulated slabs is presented 
in Figure 5.10 and the main results are displayed in Table 5.8.  
As expected, all EBR slabs exhibit the same stiffness during the elastic phase (𝐾𝐼) and crack 
initiation, since the amount of reinforcement is not significant compared to the flexural stiffness of 
the concrete component. After this stage, the concrete contribution on the overall stiffness is 
significantly reduced and the influence of the CFRP laminate geometry can be noticed in the 
stiffness of the curves during the cracked phase and yielding phase.  The increase on the CFRP 
laminate cross-section lead to the delay of the steel yielding and to the increase of the ultimate 
load. In fact, the 60% increase in the CFRP cross-section (50  1.2 [mm] → 80  1.2 [mm]) 
yielded to an increase on the ultimate load (𝐹𝑚𝑎𝑥) of 20% and the 100% increase in the CFRP 
cross-section (50  1.2 [mm] → 100  1.2 [mm]) lead to an increase on the 𝐹𝑚𝑎𝑥 of 47%. 
Debonding of the CFRP laminate was the dominant failure mode observed in all EBR slabs. All non-
prestressed EBR slabs presented similar structural ductility and efficiency, which could be 
mathematically translated into the parameters 𝜇𝛿 (varied between 1.5 and 1.7) and 𝜇𝐹 (varied 
between 1.2 and 1.3), presented in Table 5.8. 
The prestressed slabs also present similar stiffness during the elastic phase (𝐾𝐼) regardless of the 
laminate geometry or anchorage system. However, the crack initiation, steel yielding and ultimate 
load are highly influenced by the CFRP geometry. It should be noted that all MA and GA slabs were 
prestressed with a prestrain level of 0.4%. The increase on the prestress load is proportional to the 
laminate geometry. Therefore, the prestress load on slabs with the laminate of 501.2 [mm] is 
equal to 39.4 kN, on slabs with the laminate of 801.2 [mm] is equal to 63.0 kN, and on slabs 
with the laminate of 1001.2 [mm] is equal to 78.7 kN. The change in the cross section of the 
laminate from 501.2 [mm] to 801.2 [mm] lead to the increase on the ultimate load of 24% and 
39%, respectively, on slabs MA and GA. The prestressed slabs with the largest laminate cross-
section (T0_MA (FEM) – 100 mm and T0_GA (FEM) – 100 mm) presented an increase of 
27 - 48% on the ultimate load. The increase on the CFRP cross-section lead to the increase of the 
prestress load and, consequently, to the reduction on the structural ductility. Once again, the MA 
slabs present the highest reduction on the parameter 𝜇𝛿. 
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Figure 5.10: Influence of the laminate geometry on the relationship between the total load and mid-
span displacement on slabs (a) EBR, (b) MA and (c) GA. 
 
The failure mode observed in slabs with the mechanical anchorage system was CFRP rupture at 
its maximum tensile capacity. The slabs with the gradient anchorage presented debonding of the 
laminate as the dominant failure mode. However, the failure mode of slab T0_GA (FEM) – 100mm 
was CFRP rupture at its maximum tensile capacity.  
The abovementioned observations point to the following remarks: (i) the increase on the CFRP 
cross-section improves the structural performance of all strengthened slabs (T0_EBR, T0_MA and 
T0_GA), with the delay of the crack initiation and steel yielding, and increase on the ultimate load; 
(ii) the increase on the CFRP cross-section and, consequently, prestress load, lead to the reduce 
on the structural ductility, which was higher on slabs with the MA anchorage system.  
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5.6 Conclusion 
The present chapter summarized the numerical modelling of RC slabs strengthened with 
prestressed CFRP laminates using two anchorage systems: the mechanical anchorage and the 
gradient anchorage. Two main parts composed this chapter: (i) the FE modelling of four slabs, 
previously tested under four-point bending tests (details of these slabs in Chapter 3); and (ii) a 
parametric study on the influence of prestress load and CFRP geometry. The obtained results allow 
to draw the following main conclusions: 
► Good correlations have been found between the experimental results and numerical 
modelling, for the overall structural behaviour of slabs, including the debonding process and 
failure modes;  
► Two parametric studies were carried out to assess the influence of the prestress level and of 
the CFRP laminate geometry on the slabs’ structural performance. From the parametric 
study on the influence of the level of prestress, the following conclusions have been drawn: 
► The influence of the level of prestress was studied on the parametric study. A 
significant enhancement of load capacity at crack initiation, steel yielding, and failure 
was observed, for the slabs with the highest prestress load;  
► Regardless of the prestress load, slabs with the mechanical anchorage exhibit failure 
by CFRP rupture, whereas the failure mode observed in slabs with the gradient 
anchorage shifted from laminate debonding to CFRP rupture with the increase on 
the prestress level;  
► Higher levels of prestress yielded a decrease on the structural ductility, which is 
considerably higher on slabs with the MA anchorage system;  
► The mechanical anchorage prevented premature failure and, consequently, 
presented higher ductility than the non-prestressed slab. 
► A second parametric study intended to study the influence of the CFRP laminate cross 
section. The results obtained allow drawing the following main conclusions: 
► The increase on the CFRP cross-section improved the structural performance of all 
strengthened slabs (T0_EBR, T0_MA and T0_GA), with the delay of the crack 
initiation and steel yielding, and increase on the ultimate load; 
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► Because the same level of prestrain (0.4%) was considered for all prestressed slabs, 
the increase on the CFRP cross-section lead to the increase of the prestress load 
and, consequently reduced the structural ductility.  
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6.1 Conclusions 
Externally-bonded carbon fibre reinforced polymer (EB-CFRP) composites are commonly employed 
to repair or to increase the flexural/shear resistance of RC structures. In some specific cases, the 
use of prestressed CFRP for strengthening RC structures is convenient or even required. This 
technique presents several positive aspects since it combines the benefits of passive EB-CFRP 
systems with the advantages associated with external prestressing. The durability and long-term 
behaviour of RC structures strengthened with prestressed CFRP laminates are still open issues, 
fundamental for the acceptance and recognition by the construction industry. The main objective 
of the research conducted in this thesis was to test, analyse and evaluate the durability, short and 
long-term structural behaviour of RC slabs strengthened in flexure with pre-stressed CFRP laminates 
under various specific environmental conditions, load conditions and chemical degradation. Two 
different types of anchorage systems were studied: (i) mechanical anchorage (MA) and, (ii) gradient 
anchorage (GA). The durability was studied by exposing strengthened RC specimens to the following 
environments, for approximately 8 months: (i) reference environment and specimens kept in a 
climatic chamber at 20 ºC - REF; (ii) water immersion in tank at 20 ºC of temperature - TW; 
(iii) water immersion in tank with 3.5% of dissolved chlorides at 20 ºC of temperature - CW; and 
(iv) wet/dry cycles in a tank with a water temperature of 20 ºC - WD. Simultaneously, several slabs 
were exposed to a sustained loading at a load level of 1/3 of the corresponding ultimate load, with 
the occurrence of cracking. In this chapter, the main conclusions of this work and the 
recommendations for future developments are presented. 
6.1.1 Short-term behaviour of RC slabs strengthened with prestressed 
CFRP strips 
Chapter 2 presented a preliminary experimental work composed of fourteen reinforced concrete 
(RC) slabs. Results show that, at service level, the strengthening improved the slabs performance 
with lower deflections, crack width delay and lower crack spacing. Prestress led to a greater use of 
the CFRP laminate strip, confirmed with the 74% - 132% increase on the ultimate strain on the 
CFRP laminate at the slab’s failure, when compared with the non-prestressed strengthened slabs. 
Both anchorage techniques (MA and GA) presented similar response. Yet, the metallic anchors 
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composing the MA system prevented a premature failure by debonding and allowed the slabs to 
support higher ultimate loads and deflections. Strip intermediate debonding (confirmed through an 
analytical analysis based on the available literature) was the dominant failure mode of the 
strengthened slabs. However, one prestressed MA slab failed by FRP rupture at its maximum tensile 
capacity.  
The influence of the laminate geometry was investigated in this preliminary study. The CFRP 
laminate width had a considerable influence on the general behaviour of the strengthened 
elements. The increase from 50 mm to 80 mm (501.2 [mm] → 801.2 [mm], 60% increase on 
the cross-section area) led to an increase on the stiffness (54%), cracking load (26%), steel yielding 
load (31%), and ultimate carrying capacity (23%). However, similar performance was observed for 
the strip with different thickness. Concrete surface preparation based on sand blasting yielded 
higher roughness and adherence than those grinded with a stone wheel. The performance 
improvement observed for each method of surface preparation fundaments this idea: series SB 
specimens (sand blasted) showed relative higher ultimate loads and they did fail with higher CFRP 
strains. 
6.1.2 Durability and long-term behaviour of RC slabs strengthened with 
prestressed CFRP strips 
The durability and long-term behaviour of sixteen RC slabs strengthened with prestressed CFRP 
strips was assessed and the obtained results were reported in Chapter 3. The short-term prestress 
losses were monitored, and both anchorage systems presented an average prestress loss of 2.5%. 
For the MA system, the short-term losses occurred when the system is blocked with the fixing 
screws, whereas in the GA system these prestress losses were observed at the release of the first 
1/3 of force. As mentioned above, the durability was studied by exposing strengthened RC 
specimens to four distinct environmental actions and to a sustained loading for an ageing period 
of eight months. During the ageing period, the CFRP laminate strain increased when the specimens 
were immersed in water (environment TW and CW) due to, mainly the volumetric expansion. Also, 
the CFRP laminate strain readings were highly influenced with the temperature oscillations.  
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When the creep load was applied, the observed elastic deformations and CFRP strain variations 
were in agreement with the results obtained in the monotonic tests up to failure. In general, both 
anchorage systems (MA and GA) presented similar response during the creep loading. Yet, slabs 
with the gradient anchorage presented higher deformations than the MA slabs after the immersion 
on tap water, immersion on salt-water and wet-dry cycling. The highest vertical deflection due to 
creep occurred on specimens submitted to the wet-dry cycles and to the laboratory premises. An 
average creep coefficient for the test period (𝜑𝑢𝑙𝑡) of 1.3 was computed and are in agreement 
with the expected values for reinforced concrete elements. Based on the test period, a long-term 
creep coefficient (𝜑𝑡∞) was estimated and it did not exceed 1.9. 
After the ageing, four-point bending tests were carried out to evaluate the ultimate behaviour of the 
strengthened RC slabs. Results showed that the exposure to water (series TW, CW and WD) 
improved the concrete strength and the corresponding modulus of elasticity, which increased the 
initial slabs’ stiffness and delayed the crack initiation. Regardless of the anchorage systems, in all 
the slabs a reduction of the yielding and the failure loads was observed. The highest degradation 
observed on slabs with the MA and GA system, were reported for the environments TW and REF, 
respectively. The ductility of the prestress slabs was evaluated, and results showed that it was 
decreased after the environmental exposure. The ductility decrease was clearly higher on the MA 
slabs than on the GA slabs. However, similarly to the results obtained on the preliminary study 
(Chapter 2), the MA anchorage presented higher ductility mainly because it allowed the slab to 
carry additional load after the debonding of the strip. 
6.1.3 Bond behaviour of transversely compressed mechanical anchorage 
system 
In Chapter 4, an experimental program aimed at studying the effectiveness of a mechanical 
anchorage of CFRP laminates bonded to concrete structures was carried out. Twenty-two large scale 
pull-out specimens were tested, and the influence of three main parameters were studied: 
(i) laminate width – 50 mm, 80 mm and 100 mm; (ii) level of compressive stress measured 
through the applied torque level – 30 N·m, 100 N·m, 150 N·m  and 200 mm; and (iii) temperature 
– 20 ºC, 60 ºC and 80 ºC.  
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At room temperature (20 ºC) the mechanical anchorage provides adequate compressive stress of 
the CFRP laminate to the concrete substrate, regardless of the level of compressive stress. The 
dominant failure mode was rupture of the CFRP laminate, however, for a laminate width of 100 mm, 
the lowest torque level (30 N·m) yielded to slippage of the CFRP laminate. Also, at room 
temperature, a typical cohesive failure in the concrete and interface failure between the concrete 
and epoxy was observed in the bonded length (EBR component). As expected, the debonding load 
increased with the laminate width. By removing the anchorage plate from the specimens tested at 
room temperature, an assessment of the visible damage was carried out and a relation Mohr-
Coulomb between the compressive stress level and average shear stress at the maximum load was 
observed with a cohesion and friction angle of 5.26 MPa and 13.7º, respectively. 
Steady-state and transient tests carried out at 60 ºC and 80 ºC showed that the temperature is a 
key factor on the behaviour of the pull-out specimens. Anchorage slippage was the failure mode 
observed in all specimens tested at elevated temperatures, including the steady state tests (60 ºC, 
at 80 ºC) and all the transient tests. In the transient tests, three different outcomes were observed: 
(i) the low load level of 80 kN (0.36% of CFRP strain) was not enough to result in failure for the 
defined temperature variation (from 30 ºC to 80 ºC); (ii) the medium load level of 100 kN (0.45% 
of CFRP strain) resulted in failure, but the confinement level worked as a relevant factor in the 
anchorage capacity; and (iii) the high load level of 120 kN (0.54% of CFRP strain) l to the anchorage 
failure shortly after the temperature reached the adhesive’s 𝑇𝑔. In the steady-state tests carried out 
at elevated temperature (60 ºC and 80 ºC), a 43.9%-58.5% reduction of the ultimate load was 
observed when compared to the ones tested at room temperature. 
The results obtained in the preliminary studies with slabs (Chapter 2) are in agreement with the 
results obtained with the pull-out tests carried out at room temperature, since the CFRP rupture 
was observed in similar conditions. As a final remark, it should be highlighted that the torque level 
was the tool used to control the confinement level of the anchorage and, based on the obtained 
results, it is a relevant factor to increase the anchorage capacity. 
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6.1.4 Numerical Simulations 
Numerical simulations were developed to better understand the observations in the tests carried 
out on the main experimental campaign (Chapter 3). The performance of these simulations was 
compared with results in slabs submitted to monotonic tests up to failure. Good correlations have 
been found between the experimental results and numerical modelling, for the overall structural 
behaviour of slabs, including the debonding process and failure modes. Subsequently, these 
models were used on a parametric study that intended to investigate the influence of different 
parameters affecting the behaviour of the slabs, namely the prestress level and the CFRP geometry. 
From the study on the influence of the prestress level (0.2%, 0.4%, 0.6% and 0.8% of CFRP strain), 
eight prestressed slabs were numerically simulated. Results showed that a significant enhancement 
of load capacity at crack initiation, steel yielding, and failure was observed, for the slabs with the 
highest prestress load. Regardless of the prestress load, slabs with the mechanical anchorage 
exhibit failure by CFRP rupture, whereas the failure mode observed in slabs with the gradient 
anchorage shifted from laminate debonding to CFRP rupture with the increase on the prestress 
level. This parametric study also included an analysis on the ductility of the slab. Higher levels of 
prestress yielded to a decrease on the structural ductility, which is considerable higher on slabs 
with the mechanical anchorage. Nonetheless, the MA system prevented premature failure and, 
consequently, presented higher ductility than the non-prestressed slab. 
A second parametric study was developed in order to study the influence of the CFRP laminate 
cross section. Three commercially available geometries were selected: 501.2 [mm], 801.2 
[mm], and 1001.2 [mm]. The increase on the CFRP cross-section improved the structural 
performance of all strengthened slabs (non-prestressed and prestressed), with the delay of the 
crack initiation and steel yielding and increase on the ultimate load. The same level of prestrain 
(0.4%) was considered for all prestressed slabs and, consequently, the increase on the CFRP cross-
section lead to the increase of the prestress load and reduction of the structural ductility.  
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6.2 Recommendations for future research developments 
The research work conducted within this doctoral thesis gives new contributions for the knowledge 
on the durability, short and long-term behaviour of concrete structures strengthened with 
prestressed externally-bonded carbon FRP systems. However, the information about the areas 
treated in this document is still scarce and further investigation should be carried out. This section 
presents some recommendations for a deeper investigation on these subjects, mainly: 
► In the developed experimental work, RC slabs strengthened with prestressed CFRP 
laminates have shown high levels durability and remarkable performance in terms of long-
term behaviour. The processes used in this work have revealed great potential for the 
establishment of standardized procedures for durability assessment of prestressed CFRP 
strengthening systems. Based on the obtained results it is important to evaluate the 
influence of the same environmental actions for a longer period (e.g. 10 years) to fully 
understand the long-term and durability behaviour of prestressed EBR systems; 
► The durability of RC slabs strengthened with prestressed CFRP laminates should also be 
investigated under the influence of high temperature cycles, freeze-thaw cycles and higher 
concentration of salts. On the same topic, an attempt to properly correlate the ageing 
carried out in laboratory (accelerated ageing) and the real exposure conditions should be 
included in future works;  
► The study presented in Chapter 4 showed that the mechanical anchorage exhibits a 
flawless behaviour at room temperature. However, in the monotonic tests performed on 
MA slabs subjected to the long-term environmental exposures, a reduction on the 
anchorage resistance was observed, since the failure mode shifted from CFRP rupture to 
CFRP slippage at the mechanical anchorages. These observations indicate that durability 
of mechanical anchorages may be an important issue to be analysed. Thus, a study 
focused on the durability of these anchorages should be carried out; 
► Good correlation between the numerically predicted slabs and the ones tested 
experimentally was obtained. An attempt to numerically simulate the long-term and 
durability behaviour of RC slabs strengthened with prestressed CFRP laminates should be 
included in future works. An effort to properly simulate the interface at the anchorage 
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region should be considered in future developments, when subjected to the effect of high 
temperatures or long-term exposure to an environmental ageing. 
